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ABSTRACT OF DISSERTATION 
 
 
 
 
NITROREDUCTASE: EVIDENCE FOR A FLUXIONAL LOW-TEMPERATURE 
STATE AND ITS POSSIBLE ROLE IN ENZYME ACTIVITY 
 
 
    The enzyme nitroreductase (NR) catalyzes two-electron reduction of high 
explosives such as trinitrotoluene (TNT), a wide variety of other toxic 
nitroaromatic compounds, as well as riboflavin derivatives, using a tightly-bound 
flavin mononucleotide (FMN) cofactor. It has important environmental and clinical 
implications. Previous studies have focused on elucidating NR’s catalytic 
mechanism and solving its crystal structure. 
    In this dissertation work, we first develop and implement new strategies for 
labeling NR with stable isotopes, and report a completely re-designed protocol for 
NR’s purification. Then we report the successful assignment of over half of NR’s 
backbone resonances using 3d-NMR methods. The most significant observation 
is that we find a well-resolved 2d 1H-15N HSQC NMR spectrum is obtained at 
37°C for NR, while the HSQC at 4°C is poorly-dispersed and comprised of sharp 
overlapped peaks. Thus, it would appear that NR denatures at 4°C. However, as 
we demonstrate, the non-covalently-bound FMN cofactor is not released at the 
lower temperature, based on retention of the native flavin visible-CD spectrum. 
Similarly, far-UV CD spectroscopy shows that the protein retains full secondary 
structural content at 4°C. In addition, near-UV CD and Fluorine-19 NMR 
experiments demonstrate that under completely native conditions (neutral pH, no 
additives) NR maintains a high degree of tertiary structure and well-defined 
hydrophobic side-chain packing, ruling out the possibility of a molten-globule 
state.  
    Thus, our studies report strong evidence that the dramatic low-temperature 
(‘low-T’) transition near 20°C observed by NMR is not the result of protein 
structural changes, but rather, we propose that NR exists as an ensemble of 
rapidly inter-converting structures, at lower temperature, only adopting a 
well-defined unique structure above 20°C. Both saturation-transfer from water and 
solvent proton-exchange measurements support our proposed model in which the 
unique ‘high-T’ structure is favored entropically, by release of water molecules; on 
the other hand, the fluxional ‘low-T’ state incorporates greater water solvation at 
4°C.  
    In the latter part of this study, we present preliminary data suggesting that the 
flexibility implied by easy water-access to the loosely-structured state plays a role 
in accommodating binding of diverse substrates. Therefore, the fluxional ‘low-T’ 
state may be functionally important. A possible direct link between the enzyme 
dynamics and its catalytic activity will be an area of future investigation.  
    
 
 
 
KEY WORDS: Nitroreductase; NMR spectroscopy; backbone resonance 
assignment; cold-denaturation; enzyme dynamics.  
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CHAPTER ONE – Nitroreductase Introduction: Previous Work, 
Motivation and Significance of this Dissertation Research 
 
 
Introduction  
 
       E. cloacae nitroreductase (in short, NR) is a flavoenzyme. It was first isolated 
from an enterobacter strain selected from a weapon storage dump for its ability to 
degrade toxic and mutagenic nitroaromatic compounds like TNT (1-3). E. cloacae 
NR is known to belong to a family of proteins that includes nitroreductases from 
the enteric bacterium E. coli and Salmonella typhimurium, NAD(P)H-flavin 
oxidoreductases from Vibrio fischeri and NADH oxidase (NADOX) from Thermus 
thermophilus. E. cloacae NR is most closely related to E. coli and Salmonella 
typhimurium nitroreductases, with which it shares over 90% amino acid sequence 
identity, while it shares only 25-30% sequence identity with the other enzymes 
mentioned above (4-6). NR is unique among these enzymes, however, in that it 
is the only member of the family cloned from a strain of bacteria adapted to 
growth in the presence of nitroaromatic compounds.  
       NR is an oxygen-insensitive nitroreductase which catalyzes NAD(P)H 
dependent two-electron reduction of a broad range of substrates including 
nitroaromatic compounds, riboflavin derivatives, and quinone compounds using a 
tightly-bound flavin mononucleotide (FMN) cofactor (3, 4, 6, 7). NR can use 
NADH, NADPH or even other nicotinamides as the source of reducing 
equivalents. Nitroaromatic compounds are reduced to nitrosoaromatic and then 
to hydroxylaminoaromatic end products, as shown in Figure 1.1 (7).  
       NR’s activities have important environmental and clinical implications: NR’s 
best understood actions are degradation of high explosives and mediatation of 
the toxicity of nitrated aromatic antibiotics and herbicides. Homologues of NR 
have been implicated in drug resistance in Helicobacter pylori and several 
Clostridium species (8) as well as in herbicide resistance in the cyanobacterium 
Synechocystis (9). NR has also been used as the catalytic agent for nitroaromatic 
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bioremediation (10) and phytoremediation (11). Finally, the E. coli homologue of 
NR is being developed as a means of activating of a nitroaromatic prodrug into a 
cytotoxic agent, and been proposed for use in cancer gene therapies (12-17).  
Although the majority of the work to date has utilized the E. coli enzyme, this is 
97% identical in sequence to our NR, and not a single amino acid difference 
occurs at either the active site or the flavin binding site (18). Therefore, all our 
results are directly applicable to the E. coli enzyme as well. 
 
Previous Work on NR  
 
       Our research laboratory has been engaged in biochemical and biophysical 
elucidation of the mechanism and properties of NR for a number of years. From 
1998-2002, a new protein overexpression and purification protocol was 
developed, NR’s catalytic mechanism was established, inhibitors were identified, 
and the crystal structures of NR were determined in both oxidation states and in 
complexes with substrate analogs.   
NR Purification  
        NR was originally cloned and purified by Bryant et al. (1, 2). To achieve 
stronger expression and to simplify the purification protocol, Koder et al. 
reconstructed the overexpression vector and developed a new method for large-
scale expression and purification of wild-type and 15N-labeled NR (19).  
 NR Kinetics  
       Koder et al. have previously performed initial velocity and inhibition studies 
(steady-state kinetics) and established a ping-pong bi-bi kinetic mechanism for 
NR, as shown in Figure 1.1 (4, 7). The first half reaction is between oxidized 
enzyme and NADH, and the second half reaction involves the reduced enzyme 
and an electron acceptor such as a nitroaromatic substrate. The complete kinetic 
parameters for a variety of substrates as well as the inhibition constants for a 
wide array of inhibitors were determined (4). In addition, kinetic parameters for 
three metabolically relevant flavin derivatives (FMN, FAD and riboflavin) have 
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also been determined, wherein the flavins play the role of substrate to be 
reduced (4). Those studies showed that NR has an unusually broad substrate 
and inhibitor specificity range. 
 NR’s X-Ray Crystal Structure 
      The X-ray crystal structure of NR solved in collaboration with Dr. Rodgers’s 
group (6), shows that NR is a homodimeric flavoprotein of 56 kDa. This is 
consistent with the extremely low dimerization constant (<10 nM) obtained by the 
equilibrium centrifugation experiment (7). The ribbon diagram of the structure is 
shown in Figure 1.2. Each monomer consists of 216 amino acids and has a 
flavin mononucleotide (FMN) cofactor located at the dimer interface. The FMN 
cofactors are tightly bound with hydrogen-bond contacts from one monomer 
chain but packing contacts with residues from both chains (6).              
      The crystal structures of NR complexed with the negatively charged organic 
inhibitors acetate and benzoate, have also been solved (6). These two inhibitors 
compete with substrate NADH to inhibit the 1st half reaction (flavin reduction) and 
uncompetitively inhibit the 2nd half reaction (reduction of nitroaromatic 
compounds). Comparison of the two different inhibited complexes shows that the 
plasticity of a large helix close to the active site (named helix 6) can create a 
variable cavity volume that accommodates the differently-sized inhibitors: the 
protein residues and flavin define a cavity that is only large enough to accept the 
small acetate molecule; however, binding of benzoate is accompanied by 
rearrangement to accommodate this larger molecule. The cavity is enlarged 
primarily by movement of two aromatic residues in helix 6, Phe-124 and Tyr-123. 
The same region of helix6 also shows elevated thermal B-factors upon substrate 
analog binding, which are indicative of greater disorder. Another research group 
studying E. coli NR complexed with nicotinic acid showed very similar results (14, 
20). Depending on the type or the size of substrate analog, other nearby aromatic 
residues (Tyr-68 & Phe-70) also participate in binding interactions with substrates. 
Interestingly, the identity of these residues varies among related flavoenzymes in 
the same family, indicating they may play a role in determining substrate 
preference. 
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Motivation and Significance 
 
      Most enzymes are considered to bind only a few similar ligands. However, 
enzymes that function in detoxification may need be able to act on a variety of 
substrates, since the precise identity of the substrate may vary (21). Moreover 
ping-pong enzymes that use the same site for both half reactions have to 
accommodate both substrates in a single site, so the challenge is quite common, 
and an increasing number of enzymes are now recognized to have promiscuous 
activities (22, 23).   
      NR, as mentioned above, has a surprisingly large substrate repertoire, 
extending from FMN to TNT. Diverse substrate analogs were accommodated in 
the structure by movement of a number of bulky side chains and displacement of 
a long helix. Similar movements were observed in homologous enzymes. Thus, 
protein dynamics was suspected to be important in this class of enzymes which 
probably use a similar mechanism for adapting to different substrates. Now, we 
find that the 37°C NMR spectrum of NR is typical of a well-behaved native protein 
with a single well-defined structure while the 4°C NMR spectrum looks like that of 
a molten globule (MG). In fact, the entire NR is affected by a so-called ‘low-
temperature’ transition observed by NMR. Molten globules, which will be further 
discussed in chapter 3, can be generated for a number of proteins under mildly 
denaturing conditions (24-26). However, NR forms this state under near-
physiological conditions, similar to the SH3 domain of drk (27). SH3 domains also 
may need to recognize multiple different targets. Thus, we wonder whether the 
unusual behavior of NR might in fact be related to function as opposed to loss of 
structural integrity. All of these are the motivations for this dissertation research. 
      In what follows we begin by providing a qualitative and semi-quantitative 
description of the transition observed by NMR (Chapter 3) along with a 
description of techniques refined and assignments made to support the NMR 
spectroscopy of as large a protein as NR (Chapter 2). We demonstrate in chapter 
4 that the transition arises from protein conformational dynamics (or a completely 
unexpected fluxional low-temperature state) rather than a structural change. 
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Finally, we propose a possible link between NR’s dynamics and its catalytic 
activity, and support the proposal with data in chapter 5. 
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Figure 1.1: Scheme of NR’s catalytic reaction: -1- Reductive metabolism of a 
nitroaromatic compound to a nitrosoaromatic compound and then to a 
hydroxylaminoaromatic end product. -2- The ping-pong enzyme mechanism for 
the NADH dependent two-electron reduction: the first half reaction is between 
NADH and oxidized NR (both circled in green), and the second half reaction is 
between reduced NR and a nitroaromatic substrate (both circled in orange). 
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Figure 1.2: The ribbon diagram of the structure of NR, showing the hand clasp of 
between two monomers (yellow and green). The two FMN cofactors are shown 
as black stick models with red oxygen and blue nitrogen atoms (Image is 
courtesy of Dr. Anne-Frances Miller, made with Molscript (28)). 
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CHAPTER TWO – Foundations for NMR Spectroscopic Studies of NR: 
Isotopic Labeling, Purification and Resonances  
Assignment of its Backbone 1H, 15N and 13C 
 
 
Background  
 
Why is Isotopic Labeling Necessary? 
      Nuclear magnetic resonance (NMR) spectroscopy is one of the most 
important and most widely used techniques for the study of protein structure, 
conformation and dynamics. Part of its power stems from its ability to provide 
amino acid residue specific information (29). However, even “small” 200-residue 
proteins usually contain over a thousand protons, and it is almost impossible to 
assign each individual resonance from conventional one-dimensional (1d) NMR 
spectra due to the severe spectral overlap. The overlap problem can be solved 
by adding a second dimension. For instance, if a 15N or 13C dimension is added, 
those protons overlapping one another by having exactly the same proton 
chemical shift could be separated if they have different nitrogen or carbon 
chemical shifts. Therefore, two-dimensional (2d) NMR spectra could spread out 
the spectrum, increase spectral resolution and reveal more information about 
molecules via their 15N and/or 13C chemical shifts. To obtain such spectra, one 
needs to isotopically incorporate 15N and/or 13C into the protein. 
Heteronuclear-Single-Quantum-Coherence (HSQC) Spectroscopy       
      The most commonly-used 2d NMR spectrum is the [1H, 15N]-HSQC. 
Conventional HSQC spectra detect the 1H atoms directly bound to a 15N atom via 
the J-coupling between them. Figure 2.1 represents an example of a HSQC 
which shows the correlations between amide nitrogens and the attached protons 
in a protein. The HSQC is often used as a fingerprint for a protein because each 
amino acid other than proline is represented by one signal (Trp’s have two, Asn’s 
and Gln’s have three). Moreover in a structured protein, the 1H and 15N chemical 
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shifts reflect each residue’s different environment as well as its identity. Thus, just 
as each of us has distinct DNA, each protein has its own distinct [1H, 15N]-HSQC 
signature. Therefore, NMR provides information about the structure and integrity 
of entire bio-molecules, yet perturbations felt by individual residues can be 
detected by the HSQC spectrum alone.  
Three-dimensional NMR Backbone Structure Assignment 
     (I) Extension of NMR Spectral Dimensions from 2d to 3d: To successfully 
solve the structures of larger proteins, it is necessary to further increase the NMR 
dimensions from 2d to 3d. A three-dimensional (3d) NMR spectrum can be 
obtained by correlating the amide HN groups with the alpha carbon attached to N. 
The chemical shifts of these carbon nuclei are used to spread the resonances 
from a 2d plane into a 3d spectrum by serving as a third dimension. One point in 
the 3d box is then indicated by the chemical shifts of three nuclei: 1H, 15N and 
13Cα. As a result, 3d NMR further increases spectral resolution by minimizing 
peak overlap. 
     (II) Why Backbone Structure Assignment? In order to relate changes 
observed in the HSQC to specific amino acids in the protein, one must determine 
each spot in the HSQC corresponds to which residue. This is called “assigning 
the resonances to residues”, or “assigning the spectrum”. In the past decade, 
triple resonance 1H, 15N, 13C spectroscopy has evolved into a powerful method 
for assignments of backbone resonances of proteins (30, 31), and complete 
assignments of molecules up to 25 kDa in molecular weight are now becoming 
routine (32, 33). However, proteins larger than 25 kDa tend to tumble slowly in 
solution, and their rapid aliphatic 13C relaxation rates limit the sensitivity of 
spectra, and increase resonance line widths (34, 35). In addition, larger proteins 
have more signals, resulting in more spectral overlap on top of the decreased 
spectral resolution. The solution is to use the combination of TROSY and 
deuterium labeling.  
     (III) Why Deuterium Labeling and TROSY? A number of important 
developments in the past couple years have led to a significant increase in the 
size of macromolecules for which backbone resonances can be obtained. There 
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have been major advances in labeling strategies for incorporation of deuterium 
into 15N, 13C-enriched proteins (36). Deuterium’s 6.7-fold lower gyromagnetic 
ratio of relative to 1H decreases the efficiency of relaxation mechanisms that 
cause rapid decay of 13C NMR resonances, resulting in spectra with increased 
sensitivity and resolution relative to experiments performed on the corresponding 
protonated molecules (37). The improvements on the sensitivity of triple 
resonance experiments are further extended by the principle of TROSY 
(Transverse Relaxation Optimized Spectroscopy) (38) because TROSY 
suppresses 15N transverse relaxation during 15N evolution and 1HN transverse 
relaxation during detection (39, 40). 1H is still needed at amide positions for 
TROSY, and this can be selectively re-introduced by suspending most proteins in 
1H2O, which exchanges 1H for 2H in labile positions. The combination of TROSY 
and [2H, 15N, 13C]-labeling permits the maximum gain in sensitivity and resolution, 
and allows detailed studies of macromolecules with molecular weights far beyond 
100 kDa (41-45).  
      IV) Choice of [2H, 13C, 15N] Triple-Labeling Strategy: The NMR assignment 
and structure determination of a larger protein like NR requires large quantities of 
2H, 13C and 15N triple-labeled samples, the production of which is often costly and 
time-consuming. Therefore, choosing an efficient method for producing triple-
labeled samples is key. Currently, most isotopically-labeled proteins are 
expressed in the bacterial host E. coli. Methods of generating isotopically-labeled 
samples in E. coli commonly use standard or modified versions of M9 minimal 
media employing 13C glucose, glycerol or acetate for carbon labeling, 15N 
ammonium sulfate or ammonium chloride for nitrogen labeling, and deuterium 
oxide for deuteration. A number of methods have been applied to enhance E. coli 
growth and optimize the protein yield. The most straightforward way to improve 
the yield of over-expressed protein is to use commercially available rich media 
based on isotopically-labeled algal hydrolysates (46). However, this approach 
could be very costly. The technique for 2H, 13C, 15N-labeled protein expression at 
low cost involves the use of small overnight culture in rich medium as an 
inoculation for the main culture in labeled minimal medium (36). The drawback of 
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this approach is that it is time-consuming and could result in low protein 
expression because deuterated minimal media do not support good E. coli 
growth. In order to achieve higher expression yields of a triple-labeled protein at 
lower isotope cost and in less time, Marley et al. (47) presented a simple 
procedure which employs two new features: -1- cell mass is predominately grown 
on unlabeled rich LB media allowing rapid growth to high cell densities; -2- 
following growth in unlabeled medium, cells are harvested and transferred into an 
isotopically-labeled minimal medium at high cell densities optimized for maximal 
protein expression, immediately prior to induction of overexpression.  
 
Experimental 
 
      Highly efficient and selective labeling requires good control of culture and 
amino acid metabolism. Thus, the medium composition and culture protocol are 
very important and different E. coli strains are used.   
Materials and Chemicals  
      Isopropyl β-thiogalactopyranoside (IPTG), kanamycin, carbenicillin, flavin 
mononucleotide (FMN), and lysozyme were purchased from Sigma. All labeled 
chemicals including [2H,13C]-glucose, 15NH4Cl, 2H2O, 15N-L-Phenylalanine, 15N-L-
Isoleucine, 15N-L-Valine, 15N-Glycine and 15N-L-Tyrosine, were obtained from 
ISOTEC or Cambridge Isotope Laboratories. All unlabeled amino acids, five 
nucleobases (Adenine, Guanosine, Thymine, Uracil, and Cytosine), 3-Fluoro-DL-
tyrosine and glyphosate were from Sigma-Aldrich. Pefabloc SC was purchased 
from ROCHE diagnostics. Bradford reagent and BSA used for protein 
quantitation were obtained form Sigma. All other chemicals were biological grade 
and purchased from ACROS organics, Research Organics or Sigma-Aldrich. 
Overexpression of Unlabeled Wild-Type NR 
     Three ml cultures of E. coli DL39/pRK5 were grown overnight at 37°C in 
Luria-Bertani (LB) medium (Bactro-tryptone 5g/500ml, Bacto-yeast extract 
2.5g/500ml, NaCl 5g/500ml, pH=7.5) containing 50 µg/ml kanamycin and 
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carbenicillin, and 100 µl were used to inoculate 100 ml of fresh LB medium the 
following morning. The resulting culture was then used to inoculate four 1L LB 
culture. When the optical density at 600nm (OD600) reached ~0.8, IPTG was 
added to a final concentration of 1 mM to induce NR overexpression. The cells 
were harvested 2 hours after induction, resuspended in cell wash buffer (100 mM 
Tris, 0.5% NaCl (w/v), 0.5% KCl (w/v), 1 mM EDTA, pH=7.5), collected via 
centrifugation at 12,000g and 4˚C for 30 min, and frozen at -20°C. 
15N Uniformly-labeled NR Expression 
      Three ml cultures of pET1-containing BL21(DE3) E. coli were grown 
overnight at 37°C in LB medium containing 50 µg/ml kanamycin, and 100 µl were 
used to inoculate 100 ml of fresh LB medium the following morning. The 100 ml 
LB culture containing 50 µg/ml kanamycin was incubated at 37°C for another 12 
hours before a 25 ml aliquot was withdrawn to inoculate every 1L 15N-labeled 
culture. The culture was prepared in a defined minimal medium containing 1 g 
15NH4Cl (as sole nitrogen source), 12 g Na2HPO4, 6 g K2HPO4 (pH=7.5), 0.5 g 
NaCl, 1% glucose, 10 µM FeCl2, 4 mM MgSO4, 100 µM CaCl2 (=MM9 medium), 
plus 50 µg/ml kanamycin and 1 ml of a micronutrient solution (3 µM 
(NH4)6Mo7O24, 400 µM H3BO3, 30 µM CoCl3, 80 µM MnCl2, and 10 µM ZnSO4; 
sterilized by Millipore syringe filters). When the culture OD600 reached ~0.8, NR 
overexpression was induced by the addition of IPTG to a final concentration of 1 
mM. The cells were harvested 3 hours after induction, resuspended in cell wash 
buffer, collected via centrifugation at 12,000g and 4˚C for 30 min, and frozen at -
20°C.  
Amino-acid Specific 15N-labeled NR Expression  
      Selective incorporation of 15N-labeled amino acids was accomplished by 
growing the bacteria in defined media containing most amino acids in unlabeled 
form but chosen amino acid in 15N and/or 13C form (48). In brief, 2L of the 
medium contained 0.5g Adenine, 0.65g Guanosine, 0.2g Thymine, 0.5g Uracil 
and 0.2g Cytosine (Group I), 3g Sodium Acetate, 3g Succinic acid, 1.5g NH4Cl, 
1.7g NaCl, 21g K2HPO4 and pH=7.5 (Group II), 1% glucose, 10 µM FeCl2, 4 mM 
 13
MgSO4, 100 µM CaCl2, 50 µg/ml kanamycin and carbenicillin, and 2 ml of a 
micronutrient solution (Group III, added prior to inoculation), supplemented with 
the following amino acids (Group IV): L-Ala (0.5g), L-Arg (0.4g), L-Asp (0.15g), L-
Asn (0.05g), L-Cys (0.05g), L-Gln(0.4g), L-Glu (0.65g), Gly (0.5g), L-His (0.1g), L-
Ile (0.23g), L-Leu (0.23g), L-Lys hydrochloride (0.42g), L-Met (0.25g), L-Phe 
(0.13g), L-Pro (0.1g), L-Ser (0.5g), L-Thr (0.23g), L-Tyr (0.17g), L-Val (0.23g), 
and L-Trp (0.05g). All amino acids including 15N-enriched amino acid except L-
Trp, L-Phe, L-Tyr were added to the media prior to autoclaving. The three 
aromatic amino acids, L-Trp, L-Phe, L-Tyr (Group V) were fully dissolved after 
the pH was adjusted to ~2.0, autoclaved separately, and then added to complete 
the defined media prior to inoculation.  
      For the preparation of [15N-Val]-NR, 3 ml of LB medium was inoculated with 
the pRK5/DL39 avtA:tn10(DE3) cells and grown overnight at 37°C. 100 µl of the 
resultant culture were used to inoculate 100 ml of fresh LB medium, from which 
50 ml were added into 2L unlabeled LB medium until the OD600 reached ~0.5. 
The cells were collected by a 30min/12,000g centrifugation. The cells were then 
washed and resuspended in 2L of defined medium with 0.23 g 15N-L-Val 
substituted for the unlabeled L-Val. The new culture was then incubated at 37°C 
until it achieved an OD600 of 0.8, followed by addition of IPTG to a final 
concentration of 1 mM and then additional growth at 37°C for ~3 hours. [15N-
Phe]-NR, [15N-Ile]-NR, [15N-Gly]-NR and [15N-Tyr]-NR were prepared in a similar 
way as described for [15N-Val]-NR except that L-Phe, L-Ile, Gly or L-Tyr were 
omitted from the medium, and instead, 15N-L-Phe, 15N-L-Ile, 15N-Gly or 15N-L-Tyr 
were added, respectively. For the preparation of [15N-Gly]-NR, one more aspect 
of the medium was altered: 2.1g instead of 0.5g of L-Ser were used to suppress 
metabolic migration of the 15N-label into serine residues. 
19F-Tyrosine-Labeled NR Expression 
      Fluorotyrosine (F-Tyr) is toxic to E. coli, and it does not compete well with 
regular tyrosine for attachment onto Tyr-tRNA. Therefore, F-Tyr is not added until 
the time of overexpression and cultures must be depleted of regular Tyr. 
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      Three ml cultures of pET1-containing BL21(DE3) E. coli were grown 
overnight at 37°C in LB medium containing 50 µg/ml kanamycin, and 100 µl were 
used to inoculate 100 ml of MM9 medium the following morning. The 100 ml 
culture was incubated at 37°C for another 12 hours before a 50 ml aliquot was 
withdrawn to inoculate 2L of fresh MM9 medium. The MM9 medium was 
supplemented with 50 µg/ml kanamycin, and 1 ml of the micronutrient solution 
described above. When the OD600 reached ~0.5, the culture were supplemented 
with 1 g/L glyphosate (used to inhibit biosynthesis of aromatic amino acids), as 
well as 50 mg/L Trp, 35 mg/L Phe,  and 55 mg/L 3-Fluoro-DL-tyrosine to support 
protein synthesis and 19F incorporation. NR overexpression was induced by the 
addition of IPTG to a final concentration of 1 mM when OD600 reached ~0.8. The 
cells were harvested 3.5 hours after induction. Due to the low solubility of 3-
Fluoro-DL-tyrosine in water, it was added as a solid into the growing medium.  
 [2H, 13C, 15N] Triple-labeled NR Expression 
       [2H, 13C, 15N]-labeling of NR was conducted in the following labeling medium: 
1g 15NH4Cl (nitrogen source), 0.5 g NaCl, 6 g Na2DPO4 and 3 g KD2PO4 (pre-
treated by substituting 1H with 2D from 2D2O into Na2HPO4 and KH2PO4) were 
added into 2D2O to a total volume of 960 ml, and the solution pH was adjusted to 
~7.5 using KOD. 3 g [2H, 13C]-glucose was dissolved into ~40 ml D2O and 
sterilized by passage through a syringe filter, ~100 ml of the 960 ml medium 
without [2H, 13C]-glucose was sterilized by a sterile filter funnel (Nalgene) and 
used to wash the cell pellet. The rest of the ~860 ml medium along with 40 ml of 
[2H, 13C]-glucose were passed through another sterile filter funnel to generate the 
labeling medium. 
       [2H, 13C, 15N] triple-labeling of NR was carried out using the protocol 
illustrated in Figure 2.2. pRK1/BL21 (DE3) cells were grown in four 1L of LB 
media in the same way as described for amino-acid specific isotopic labeling of 
NR. When OD600 reached ~0.5, the LB cultures were harvested by a 
30min/5,000g centrifugation. The cells were resuspended in ~100 ml of 2H/15N 
medium without glucose and pelleted again. The harvested cells were then 
transferred to 0.9 L of triple-labeled medium, supplemented with 10 µM FeCl2, 4 
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mM MgSO4, 100 µM CaCl2, 50 µg/ml kanamycin, and 1 ml of the micronutrient 
solution. The cells were incubated at 37°C and an OD600 of ~0.8 was reached 
after 2 hours during which growth resumed and residual 1H/12C metabolites were 
consumed. IPTG was then added to a final concentration of 0.5 mM. The cells 
were harvested by centrifugation when the culture approached stationary phase 
in about 6 hours.  
NR Purification 
       Wild-Type and all isotopically-labeled NR were purified using the same 
purification procedure, which follows: the frozen cells were suspended and 
homogenized in ~40 ml of 100 mM Tris buffer (pH=7.5) containing 1 mM EDTA, 1 
mM β-mercaptoethanol (BME), and supplemented with 1 mg/ml Pefabloc SC (as 
protease inhibitor), 100 µM FMN and 200 µg/ml lysozyme. The homogenized 
cells were ruptured by two passes through a French press at 20k psi. The 
mixture was then centrifuged at 20,000 rpm for 30 min at 4°C to remove cell 
debris. With continuous stirring at 4°C, nucleic acids were precipitated by addition 
of KCl (solid) and MnCl2 (1M stock solution) to final concentrations of 100 mM 
and 30 mM, respectively. Nucleic acid precipitates were then removed via 
centrifugation at 20,000 rpm. The resulting supernatant was then concentrated by 
an “Amicon” system (Cole-Palmer) to about 20 ml and loaded onto a 1x80 cm 
Sephadex G-10 (Sigma) desalting column pre-equilibrated with 5 mM KH2PO4, 
0.02% NaN3, 1 mM BME, 0.2 mM EDTA, pH=7.5. The yellow fractions containing 
NR were then pooled and loaded onto a 1x20 cm DEAE-Cellulose (DE-52) 
(Sigma) ion-exchanging column and eluted with a 0-500 mM NaCl salt gradient in 
10 mM Tris buffer (pH=7.5) containing 0.02% NaN3, 1 mM BME, 0.2 mM EDTA. 
The yellow fractions containing NR confirmed by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) were collected and dialyzed 
twice against 2L low-salt (0 mM NaCl) 10 mM Tris buffer (pH=7.5). The protein 
solution was then concentrated to less than 5 ml and loaded onto a ~1x150 cm 
Sephadex G-100 (Sigma) gel-filtration column pre-equilibrated with 50 mM 
KH2PO4, 50 mM KCl, 1 mM BME, 0.2 mM EDTA, 0.02% NaN3, pH=7.0. Fractions 
 16
containing the purest NR as detected by SDS-PAGE were pooled together, 
concentrated and stored at 4°C for further use.  
NR Purity, Activity and Concentration 
      The purity of proteins was estimated to be above 95% as judged by SDS-
PAGE. Specific activities of NR were measured using the standard NADH-DNT 
assay described in the next chapter. Protein concentrations were determined by 
the Bradford assay or by measuring the UV absorbance at 280 nm, using a molar 
extinction coefficient of ε280 = 54.5 mM-1cm-1(19). When fully flavinated, NR 
typically displays a ratio of ‘A280/A454’ less than 5.0.  
3d Triple Resonance NMR Experiments 
      The NMR sample for all our 3d experiments was prepared in 50 mM 
phosphate buffer (pH=7.0) containing 50 mM KCl, 0.02% NaN3, 1 mM BME, 0.2 
mM EDTA. 280 µl protein samples were placed in a Shigemi NMR tube (Shigemi 
Co., Japan) at a concentration of 0.6 mM.  
      All 2d and 3d experiments, including HN-TROSY-HSQC, TROSY-HNCA, 
HN(CO)CA, HNCO, HN(CA)CO, HNCACB, (40, 49-56), were carried out at 25°C 
on a Varian 800MHz spectrometer equipped with a pulse field z-gradient and a 
triple resonance probe. 15N-edited 3d NOESY-HSQC (57) was recorded on a 
Varian 600MHz spectrometer with a mixing time of 100 ms. All 3d TROSY 
spectra were recorded with the standard 3d pulse sequences from Varian’s 
BioPack, with deuterium decoupling on. The NMR acquisition parameters such 
as the pw90 and transmitter offset for 15N, 13C and 2H decoupings were 
calibrated using a [2H,13C,15N]-urea sample in DMSO. 1H chemical shifts in all 
spectra were referenced to water’s resonance at 4.77 ppm. Detailed 
experimental settings are summarized in Table 2.1. 
       Acquisitions were started after choosing appropriate acquisition times and 
fixed delay periods τ  for each dimension. Data were doubled by linear-prediction 
before zero-filling and Fourier transformation. The data set was then processed 
using “nmrPipe” software developed by Frank Delagalio at the NIH (58) and 
visualized/analyzed using “Sparky” program (59).         
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The Protein Backbone Assignment Strategy        
      A standard set of triple resonance NMR experiments has been developed for 
backbone assignments in [2H, 13C, 15N] triple-labeled proteins. This includes 3d-
HNCA, HN(CO)CA, HNCACB, HN(CO)CACB, HN(CA)CO and HNCO. 
Resonance assignment strategies based on triple-resonance methods usually 
begin with the correlation of 15N and 1HN resonances, as most triple-resonance 
experiments detect the 1HN signal and at least one other dimension usually 
constitutes the 15N chemical shift (because protein 15N resonances tend to be 
well-dispersed). These amide pairs are then correlated to 13C nuclei in residues i 
and i–1, which provides the basis of the sequential assignment. The six types of 
connectivity in triple resonance experiments are schematically represented in 
Figure 2.3. The first pair HNCA / HN(CO)CA links  1HN, 15N, and 13Cα chemical 
shifts; the second pair HNCO / HN(CA)CO correlates  1HN  and 15N chemical 
shifts of an amino acid with the carbonyl carbon shifts of an amino acid of the 
preceding intra- residues (HNCO) or both intra- and inter- residues (HN(CA)CO); 
the third pair provides HNCACB / HN(CO)CACB correlations connecting  1HN, 
15N, 13Cα and 13Cβ chemical shifts. A useful example of the way the results of 
these experiments are combined to obtain assignments can be found in (37).  
      In the case of NR, the full backbone assignment was pursued using the 
commonly-used assignment strategy, by selecting and viewing 2d slides taken 
from the 3d spectra. First, the HNCA and HN(CO)CA pair was used to establish 
the important sequential connectivity: HN(CO)CA, which detected only the 
sequential correlation peak with 13Cα (i-1) at the 1HN(i)/15N(i) position of residue i, 
complemented the HNCA experiment, and allowed a distinction to be made 
between the 13Cα (i) and 13Cα (i-1) peaks in HNCA. HNCACB experiment linked 
the 1HN and 15N chemical shifts of residue i with 13Cα and 13Cβ pairs of both the 
same (i) and the preceding (i-1) residues. Information about the chemical shifts of 
the Cα and Cβ carbons was especially important for the assignment process, 
since these chemical shifts are characteristic of different amino acids and thus 
provide possible identities for residues i and i-1. The Cα and Cβ chemical shifts 
obtained from these experiments may still leave some ambiguities, therefore, the 
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HNCO and HN(CA)CO pair was used to resolve those uncertainty and regions of 
spectral overlap. Finally, 3d NOESY-HSQC containing 1H-1H NOE correlations 
between amide hydrogens and hydrogens located nearby to them in space was 
used to resolve or verify the ambiguities in the assignment of Hα. 
 
Results and Discussion 
 
Optimization of the Protein Purification Protocol 
      The original overexpression and purification protocols were established 
before the current work was begun (19), but significant loss of protein was 
reported during the course of ammonium sulfate precipitation and hydrophobic 
interaction chromatography (HIC). In addition, there had not been a good method 
for concentrating proteins throughout the purification. Therefore, a lot of elements 
throughout the old protocol were replaced and re-optimized to increase protein 
yield, produce better quality of NR, and improve the overall ease of performance. 
The changes of the new purification protocol over the old one were: -1- The 
ammonium sulfate precipitation step after DNA precipitation was eliminated to 
reduce loss of NR. -2- An ion-exchange column (DE-52) replaced the original 
HIC column to prevent a further loss of NR, and the effect of DE-52 column on 
purification is shown in Figure 2.4A. -3- A size-exclusion G-100 column was 
added at the very end of the purification procedure, which further increased the 
protein purity (Figure 2.4B). -4- A new membrane, “Cellulose Acetate” YC 
(Millipore) was found to permit concentration of NR in the “Amicon” system 
without loss of protein due to adhesion to the membrane. This advance greatly 
increased the ease of handling compared to the previous use of concentration 
methods like dialysis against polyethylene glycol or lyophilization.  
      The quality of the NR following the modified purification protocol was shown 
to be very high, based on UV-Vis spectral, SDS-PAGE and specific activity 
analyses. The proton 1d spectrum of 15N uniformly-labeled NR (Figure 2.4C) 
showed significant dispersion in the amide proton region (downfield, 6-9 ppm) as 
well as in aliphatic side-chain proton region (upfield, 0-3 ppm). The 1H-15N HSQC 
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spectrum of 15N uniformly-labeled NR was very similar to the spectrum published 
before (19), and ~200 out of the expected 220 peaks were resolved in a 
dispersed HSQC spectrum collected at 37°C (Figure 2.4D). Moreover, the yield 
of pure NR increased by about 30% using the new protocol: the final yield after 
the new 4-step purification procedure was ~83 mg per liter of growth medium for 
the unlabeled NR and ~51 mg per liter for 15N-labeled NR compared to 65.7 mg 
and 37.6 mg, respectively, according to Koder et al. (19). 
Quality Assessment of [2H, 13C, 15N] Triple-labeled NR Sample 
       As mentioned, the preparation of a high quality triple-labeled sample is the 
most important and time-consuming prerequisite for the sequential assignment of 
the protein backbone resonances. By taking advantage of the novel expression 
method developed by Marley et al. (47) and following the purification procedures 
described above, high quality, high quantity and high percentage overall isotope 
incorporation in NR was obtained. The high purity of NR sample was 
demonstrated by SDS-PAGE. The recorded HSQC spectrum of the triple-labeled 
sample (Figure 2.5A) showed much sharper peaks with narrower linewidths than 
those of an 15N uniformly-labeled sample containing 1H and 12C (Figure 2.4D). 
Approximately 100 mg of pure triple- labeled NR was obtained from 1L of labeled 
minimal media, which was a very high yield; The isotopic incorporation rates 
obtained were over 90% for 13C and 15N (estimated by direct NMR detection) and 
~75% overall 2H incorporation (estimated by comparing proton 1d spectra of 15N 
labeled and triple labeled NR; 75%-80% is ideal for 3d NMR assignment (41)) 
(Figure 2.5B). In addition, the time for the growth of this triple-labeled culture 
was only slightly greater than the growth time on unlabeled rich media, and the 
cost on isotopic materials was reduced by about 200% from $3000 to $1000. 
Current Assignment Results for NR’s Backbone  
      Thus far, we have assigned backbone HN, N, C' and Cα for 102 of the 216 
residues of NR, using conventional TROSY 3d solution NMR methods at 800 
MHz, and uniformly [2H,13C,15N]-labeled protein suspended in 90% 1H2O buffer to 
restore 1H to the backbone. The work has gone smoothly but is incomplete due 
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to the large amount of peak overlap observed, as expected, given NR's 
molecular mass of 56 kDa and the 216 amino acids per monomer. Nonetheless, 
the assignments we have appear to be reliable based on selectively amino-acid 
labeled preparations (data in the next chapter), which showed that for the 8 
resonances sequentially assigned to leucine, 7 were indeed leucine, all 5 
resonances assigned to phenylalanine and all 9 resonances assigned to valine 
were correct. The current NR backbone structure assignment results are 
illustrated in Figure 2.6. The locations of assigned amino acids are shown along 
the protein amino acid sequence in Figure 2.7.         
      Although most of our 3d spectra are strong (HNCO, HNCA, HN(CO)CA, 
HNCACB), we have been limited by -1- overlap among resonances which 
produced ambiguity between possible assignments; -2- the weak HN(CO)CA 
spectrum which truncated strings of assigned amino acids. We have already 
begun work towards completing the assignment. We have repeated the 
HN(CO)CA spectrum at the lower field of 600 MHz. The 600 MHz data are 
stronger than the 800 MHz data, and we attribute this to the large chemical shift 
anisotropy-mediated relaxation rate of C' at high field, which will be less 
problematic at 600 MHz. Similarly, good HN(CO)CACB data will make a huge 
difference. Our goal will be a 4d-HNCACO and 4d-HNCOCA pair, which provided 
95% of the expected backbone connectivity for the 370 residue maltose binding 
protein (60-62).  
        For now, because we already have the crystal structure of NR, we do not 
need to assign all the resonances. Instead, we need representative signals 
distributed over the major elements of structure, as probes of protein dynamics 
and sequestration from solvent. We also want to monitor a few active site 
residues: Glu-165, Gly-166, Lys-74 and Lys-14 and Asn-71, because these 
residues interact directly with the flavin (Figure 2.8). Glu165 and Gly-166 do so 
via the backbone, and their backbone resonances were assigned. The other 
three interact via side chains, and only Lys-14 was assigned. Lys-74 can be 
addressed via 15N-labeling at its side chain NH2 end group. Surface Lysine side 
chains tend to be poorly-dispersed, but some 4 Lys side chains of NR were 
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observed and resolved near 35 ppm in 1H-15N 2d spectra. Future work will test 
the possibility that some of these include Lys-74 by looking for resonance 
movement upon reduction of the flavin, and then proceeding mutagenesis to 
obtain definitive assignment. Our existing Asn71Gln (N71Q) mutant (See 
Appendix) should permit identification of the Asn-71 side chain resonances. In 
addition, Phe-70, 124 and 199, Tyr-123 are found to move upon substrate 
binding (biggest change for Tyr-123 & Phe-124) (6). Of these, backbone 
resonances have already been assigned for Phe-199, and the others can be 
identified by the combination of site-directed mutagenesis and amino-acid 
specific (15N-Phe and 15N-Tyr) labeling experiments. Thus, we know the 
structure, and have enough assignments in hand or within reach, to exploit 
NMR's ability to monitor dynamics throughout the protein, and directly observe 
protons and NH groups involved in H-bonding in the active site. 
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Figure 2.1: A typical of 1H-15N Heteronuclear-Single-Quantum-Coherence 
(HSQC) spectrum. The axes of the HSQC indicate the chemical shift of hydrogen 
(F2) and the nitrogen (F1) nuclei. The arrows indicate that each peak in the 
HSQC spectrum corresponds to an amino acid residue in the protein sequence.  
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Figure 2.2: Triple-labeled NR expression scheme. The boxes filled with in green 
show the two novel features different from conventional expression protocols. 
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Figure 2.3: Correlated nuclei in selected triple-resonance experiments. Nuclei 
used for magnetization transfer but not contributing chemical shift information are 
in parentheses in the in the pulse sequence name. Each experiment results in 
direct detection of the amide HN resonance (yellow). Nuclei whose chemical 
shifts are obtained via indirect detection are in grey circles. The arrows indicate 
the flow of resonance magnetization transfer. The thicker arrows indicate 
stronger correlations and thinner arrows indicate weaker correlations. The 
numbers between bonds are the J-coupling constants used for magnetization 
transfer. Images are courtesy of Dr. Anne-Frances Miller. 
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Figure 2.4: The quality of NR purified following the new protocol. (A) Protein 
fractions at different stages of the purification were subjected to SDS-PAGE 
electrophoresis and stained with Coomassie blue: (from left) lane 1, molecular 
weight standard; lane 2, crude cell extract; lane 3, fractions after G-10 desalting 
column; Lane 4, pooled fractions from DE-52 column; lane 5, pooled fractions 
from a second DE-52 column. (B) Fractions after G-100 size-exclusion 
chromatography, as resolved by SDS-PAGE. (C) Proton 1d NMR spectrum of 
NR. (D) 2d 1H-15N TROSY-HSQC spectrum of uniformly 15N-labeled NR at 37°C. 
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Figure 2.5: NMR spectra of [2H, 13C, 15N] triple-labeled NR. (Top): 2d 1H-15N 
TROSY-HSQC of [2H, 13C, 15N] triple-labeled NR at 25°C. (Bottom): Comparison 
of proton 1d spectra of [15N, 13C] double-labeled and [2H, 13C, 15N] triple-labeled 
NR. The percentage of deuterium labeling was estimated from the comparison of 
the vertical amplitudes of the two in the aliphatic proton region (-1 ppm to 3 ppm). 
Note: the amide proton region (6-9 ppm) was scaled to the same height for the 
two spectra. 
1H 
15N 
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Figure 2.6: The current NR backbone resonance assignment results, illustrated 
in a 2d 1H-15N HSQC spectrum recorded at 25°C. The regions marked with green 
and red boxes are expanded for better viewing. Two pairs of amino residues 
(S12/T63 and H11/L178) in dark green are assigned but their HSQC peaks 
overlap each other. 
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Figure 2.7: The assigned amino acid residues illustrated in NR’s protein 
sequence. One-letter symbols of amino acids are used here. The residues 
highlighted in blue are assigned ones. Two glycines (G120 and G165) are 
assigned separately based on a selective 15N-Gly-labeled HSQC and the process 
of elimination. Two pairs of amino residues (S12/T63 and H11/L178) in dark 
green are assigned but their HSQC peaks overlap each other. 
 
 
 
 29
 
Figure 2.8: The hydrogen-bonding interactions between protein and FMN 
cofactor at the dimer interface of NR based on X-ray crystal structure. Dashed 
lines indicate distances of 3.5 Å or less between potential H-bonding partners. 
Image is courtesy of Dr. Anne-Frances Miller and generated using Molscript.  
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Table 2.1:  Summary of 2d- and 3d-TROSY NMR experimental settings. 
 
Experiment Data matrix (nucleus) 
Spectral width (ppm)
w1        w2         w3
Center Position (ppm) 
w1        w2         w3 
Number of 
transients
15N HSQC      896(H)   96(N) 17.5(H)  40(N)   4.77(H) 118.8(N) 32 
 HNCA 896(H)   27(N)   64(C) 17.5(H)  40(N)  30(C) 4.77(H) 118.8(N)  55(C) 64 
 HNCOCA 896(H)   28(N)   68(C) 17.5(H)  40(N)  30(C) 4.77(H) 118.8(N)  55(C) 64 
 HNCACB 896(H)   24(N)   84(C) 17.5(H)  40(N)  73(C) 4.77(H) 118.8(N)  46(C) 80 
 HNCO 1190(H) 24(N)   36(C) 17.5(H) 40(N)16.5(C) 4.77(H) 118.8(N) 176(C) 40 
 HNCACO 952(H)   30(N)   40(C) 15(H)   40(N) 18.5(C) 4.77(H) 118.8(N)  58(C) 48 
 NOESY 
-HSQC 512(H)  100(N)  36(N) 16.7(H)66.7(N) 40(N) 4.77(H)118.8(N)118.8(N) 16 
 
Note: All experiments except the NOESY-HSQC were collected on an 800 MHz 
NMR spectrometer and the observation frequencies were 799.766 MHz (H), 
81.049 MHz (N) and 201.111 MHz (C). The NOESY-HSQC was collected on a 
600 MHz NMR spectrometer and the observation frequencies were 599.731 MHz 
(H), 60.777 MHz (N1) and 60.777 MHz (N2). All spectra were collected with the 
TROSY strategy. The mixing time for the NOESY-HSQC was 100 ms. 
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CHAPTER THREE – An Unusual Low-Temperature Transition near 20°C 
under Otherwise Native Conditions, Observed by Two-dimensional NMR 
 
 
Rationale and Significance 
 
       It is generally believed that proteins, and particularly enzymes, maintain a 
balanced compromise between a compact, stable three-dimensional (3D) 
structure, and in contrast, the flexibility required for the conformational alterations 
related to activity (63, 64). Previous studies have shown that the cold-adapted 
(psychrophilic) enzyme was characterized by a high activity and a poor stability at 
low temperatures. On the other hand, its thermophilic counterpart was shown to 
have a reduced low-temperature activity and high stability (65-67). Thus it was 
proposed that thermophilic enzymes become too rigid at moderate temperatures 
to undergo the conformational fluctuations required for catalytic function (68), 
whereas psychrophilic enzymes incorporate increased structural flexibility to 
enhance their catalytic efficiency in cold environments (67, 69-71). These 
observations demonstrated how conformational flexibility was adjusted to the 
optimum working temperatures of the enzymes, as well as its significance in 
enzyme functions. Most importantly, they also pointed out the importance of 
temperature on the thermodynamic equilibrium between states as well as the 
dynamic properties of proteins. Unfortunately, a lot of studies have ignored this 
very important external factor: TEMPERATURE. For example, the 1H-15N 
heteronuclear-single-quantum-coherence (HSQC) spectrum, as the most widely-
used two-dimensional (2d) NMR techniques, for its ability to generate residue-
specific information, have been used to study thousands of biomolecular 
systems. However, most of them were collected at room temperatures or slightly 
above. Very few were reported as a function of temperature. In the current study, 
we have investigated the effect of temperature on the HSQC spectrum of 
nitroreductase (NR), and observed an unusual low-temperature transition near 
20°C under otherwise completely native conditions. 
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Background 
 
      The experiments presented in this chapter provide an initial description of the 
unusual behavior of the NR enzyme, and provide a foundation for the 
characterizations described in the next chapter. We also relate our findings to 
concepts and methods that have emerged from prior studies of protein folding 
and stability.  
An Introduction to Molten Globules 
      How proteins fold into their unique three-dimensional native structures has 
been extensively studied. In most cases, especially for small proteins, protein 
folding has been found to be highly cooperative. Single domains typically unfold 
via a simple two-state mechanism, characterized by the absence of discrete 
intermediates between the folded or native (N), and unfolded or denatured (D) 
states. However for larger proteins, the mechanism is more complex, and a 
partially structured intermediate ensemble called a molten globule (MG) often 
appears in the early stage of refolding process, or under partially denaturing 
conditions (72-76).  
      The properties of molten globules are not uniquely defined, but generally 
include the following: -1- substantial amounts of native-like secondary structure, 
comparable to that of the native protein. -2- a relatively compact hydrophobic 
core: the hydrodynamic dimensions of this state are only slightly greater than 
those of the native protein (76, 77). -3- lack of well-defined tertiary structure and 
unique side-chain packing (78-80). -4- lack of a cooperative thermal transition 
(81).  
      Molten globules have been found to exist for several proteins at low pH, 
under mild denaturing conditions or high pressure, or upon removal of a cofactor. 
Among those, acid pH appears to be the most effective condition for generating 
molten globule states (76, 78). The best known molten globules are the low-pH 
forms of α-lactalbumin (α-LA) (82), apomyoglobin (83, 84), β-lactamase (83), 
tumor necrosis factor-α (85), brain-derived neurotrophic factor (80), RNase HI 
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(86) and human serum retinol-binding protein (87). Cytochrome c could undergo 
a transition from an acid-denatured form to a molten globule but this requires that 
high concentrations of salts be present (88). An alkaline-condition molten globule 
state has also been reported for a few proteins, including β-lactamase (89), 
barstar (90) and most recently ferricytochrome c (91).  
      The structural and dynamical features of molten globules have been studied 
by a number of biophysical techniques including circular dichorism (81), Infrared 
spectroscopy (92), fluorescence energy transfer kinetics (93) and hydrogen 
exchange methods (72). Heteronuclear 2d NMR spectroscopy, however, has 
been proven to be a uniquely powerful tool for studying molten globule states of 
proteins, because it allows detailed characterization at the level of individual 
residues (25). Elegant examples include studies of the partly folded states of 
apomyoglobin (84), α-lactalbumin (94-97), the N-terminal SH3 domain of drk (98) 
and  RNase HI (99). 
An Introduction to Cold-Denaturation   
       It has been known for a while that the native structure of a protein in an 
aqueous environment may be destabilized not only by increasing temperature 
(heat-denaturation) but also by decreasing temperature (cold-denaturation) (100). 
Cold-denaturation, assumed to be a general property of all globular proteins 
(101), is the process of low-temperature protein unfolding, which arises because 
the free energy of protein unfolding (from the native to the denatured states) has 
a convex dependence on temperature (101, 102). The maximum negative value 
of the free energy difference between the native and denatured states for most 
proteins occurs at or near room temperature, but because proteins generally 
have large heat capacity, protein destabilization takes place as temperature 
varies from room temperature in either direction. At the cold-denaturation 
temperature, the free energy of protein unfolding becomes negative, and the 
protein unfolds. Unfortunately, the cold-denaturation of most proteins generally 
would occur below the freezing point of water at neutral pH (101, 103), making 
direct and detailed characterization of this phenomenon difficult.  
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NMR Relaxation Studies describing Dynamics 
      Proteins are intrinsically flexible and dynamic systems. Over the past decade, 
NMR relaxation studies have emerged as a pivotal means for characterizing 
protein dynamics on timescales ranging from picoseconds to seconds (104, 105). 
With the assistance of isotopic labeling, relaxation parameters can be measured 
simultaneously at many different sites along the protein backbone and on amino 
acid side-chains. In NMR relaxation experiments, nuclear spin magnetization is 
excited and one monitors its return to thermal equilibrium. Depending on the type 
of magnetization generated, analysis of the time course of decay yields 
longitudinal relaxation times (T1), transverse relaxation times (T2), heteronuclear 
overhauser effect (NOEs) (106, 107) and certain cross-relaxation parameters 
(108). In this study, we focus primarily on the relationship between protein 
backbone structural integrity and dynamics revealed by 15N relaxation T1 and T2 
values that are measured using HSQC-type spectra and 15N uniformly-labeled 
protein samples. 
 
Experimental 
 
Materials and Chemicals 
      2,4-Dinitrotoluene (DNT) from Aldrich was recrystallized from water. 3,5-
Dinitrobenzyl alcohol (DNBA) from Aldrich was recrystallized from water. 1,4-
Piperazine bis-(2-ethanosulfonic acid) (PIPES) was from Research Organics. 
NADH from Sigma was purified further by HPLC prior to use (see below). All 
other chemicals and buffers were purchased from ACROS Organics, Research 
Organics or Sigma-Aldrich. 
Steady-State Enzyme Kinetics Measurements 
      NR specific activity assay: NR activity was determined by measuring the 
initial rate of NADH oxidation via the decrease in absorbance at 370 nm 
(ε370=2660 M-1cm-1, in order to avoid a nonlinear response at high NADH 
concentrations), using a HP-8452A diode array spectrophotometer (Agilent). All 
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reactions were performed in quartz cuvettes with a 0.4 cm optical path-length and 
the temperature was maintained using thermospacers linked to a circulating 
water bath. The standard 1 ml reaction mixture contained 1.2 mM purified NADH, 
2 mM nitroaromatic substrates such as 2,4-Dinitrotoluene or 3,5-Dinitrobenzyl 
alcohol, 100 mM PIPES, 50 mM KCl, 5% ethanol, pH=7.0. The complete reaction 
mixture was then equilibrated at the desired temperature for at least 15 minutes 
before initiating the reaction with addition of ~10 µl of cold NR enzyme solution. 
One unit of NR activity was defined as the amount of enzyme which catalyzed 
the oxidation of 1 µmol of NADH in 1 minute under these conditions. All data 
reported were the average of 3 trials. The temperature-dependence of NR activity 
was assessed by determining enzyme activity using the above mentioned 
standard kinetics assay over the temperature range of 4°C to 70°C.        
     NADH Purification by Reversed Phase High-Performance Liquid 
Chromatography: Highly pure NADH is needed for NR activity assay. 
Unfortunately, commercially-available NADH unusually contains the impurity, 
ADP ribose, which is a potent inhibitor of NR. In addition, storage of the purified 
NADH at -80°C is not an option because degradation of the material proved to be 
unavoidable. Therefore, NADH had to be purified by the method of Orr and 
Blanchard (109) on the same day it is to be used. In brief, Reversed Phase High-
Performance Liquid Chromatography (RP-HPLC) was performed with a fast-flow 
Q-Sepharose column (1x20 cm) (Amersham Biosciences) on a Dynamax HPLC 
system (Rainin). The column was equilibrated in buffer A [Buffer A: 10 mM 
Triethanolamine (pH=7.7) in water]. Approximately 1 ml of 20-25 mg/ml NADH 
sample solution was loaded into the column. Samples were eluted with the 
following gradient: 0-4% buffer B [buffer B: 10mM Triethanolamine (pH=7.7) and 
1 M KCl in water] from 0 to 4 minutes, 4 to 12% B from 4 to 40 minutes, 12 to 
80% B from 40 to 80 minutes, and 80 to 100% B from 50 to 60 minutes at a flow 
rate of 1 ml/min. The first peak coming off was presumed to be the ADP ribose 
impurity, as it lacked absorbance at 340 nm. The major peak eluted next was 
NADH based on its absorbance at both 260 nm and 340 nm. All fractions making 
up the second HPLC peak were collected, but only those factions with an 
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A260/A340 ratio equal or lower than 3.0 were retained, as pure NADH (110). The 
pooled pure NADH was then concentrated to by rotary evaporation at 45°C 
before use in assays.     
NMR Sample Preparation  
        15N uniformly-labeled and amino acid specifically-labeled NR were expressed 
and purified as described in chapter 2. Unless otherwise noted, all NMR samples 
were prepared in 50 mM potassium phosphate buffer (pH=7.0) containing 50 mM 
KCl, 1 mM β-mercaptoethanol (BME), 0.1 mM EDTA and 0.02% NaN3. The 
samples were typically concentrated to final concentrations of ~0.5-0.6 mM by 
ultrafiltration (centricons, Millipore) and brought to ~8% D2O/92% H2O. After each 
sample was transferred into a 5 mm NMR tube (Norell or Wilmad), it was flushed 
with argon and sealed with a rubber cap.  
Proton One-Dimensional (1d) NMR Measurements 
      All proton 1d NMR spectra were recorded on a Varian INOVA 600MHz 
spectrometer. The strong water signal was eliminated by a ‘wet’ solvent 
suppression scheme (111). The sweep width was typically 12000 Hz, the 
relaxation delay after the acquisition was 2 seconds and at least 64 scans were 
averaged. Data were zero filled, weighted by a Gaussian or squared sine bell 
function, and Fourier transformed.  
Proton-Nitrogen Correlated 2d HSQC-NMR Measurements  
      In order to characterize the temperature-dependence of NR’s structure and 
dynamics, 1H-15N HSQC spectra (112) were recorded on 15N uniformly-labeled 
NR samples at temperatures ranging from 4°C to 37°C in 5°C increments on a 
Varian INOVA 600 MHz spectrometer. Water was suppressed by gradient 
coherence pathway selection. The protein sample was equilibrated at each 
temperature for at least 20 minutes, the hydrogen coil of the probe was re-tuned 
and re-calibrated, and the field was re-shimmed, before the start of data 
acquisition at each temperature. All spectra were recorded with 16 transients and 
3600 x 128 complex points for the 1H x 15N dimensions. The recycle delay 
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between scans was set to 1 second and the spectral widths were 12000 Hz and 
2400 Hz in the 15N (F1) and 1H (F2) dimensions, respectively. 
      To access the effect of temperature on the HSQC spectra of amino acid 
specifically-labeled NR, HSQCs were recorded at different chosen temperatures 
in the range of interest: For 15N-Gly-NR, HSQC spectra were acquired at 2°C, 
4°C, 10°C, 25°C and 37°C, with variable numbers of transients (more scans were 
needed to obtain sufficient signal intensity at low temperatures) and 3600 x 96 
complex points (spectral widths of 12000 x 2400 Hz) were collected over the 1H x 
15N dimensions respectively; For 15N-Phe-NR, HSQC spectra were acquired at 
0°C, 5°C, 15°C, 32°C, with variable numbers of transients and 3600 x 96 
complex points (spectral widths of 12000 x 2400 Hz) for the 1H x 15N dimensions 
respectively; For 15N-Leu-NR, HSQC spectra were acquired at 4°C, 25°C and 
37°C, with 128 transients and 3600 x 96 complex points (spectral widths of 
12000 x 2400 Hz) for the 1H x 15N dimensions respectively; For 15N-Val-NR, 
HSQC spectra were acquired at 4°C, 25°C and 37°C, with 128 transients and 
3600 x 96 complex points (spectral widths of 12000 x 2400 Hz) for the 1H x 15N 
dimensions respectively; For 15N-Tyr-NR (data not shown), HSQC spectra were 
acquired at 10°C, 25°C and 37°C, with 256 transients and 3000 x 96 complex 
points (spectral widths of 10000 x 2400 Hz) for the 1H x 15N dimensions 
respectively.  
      All HSQC spectra were processed using Varian’s vnmr software. The 
chemical shifts were referenced to water at 4.77 ppm for 1H and external 15N-
urea in DMSO at 77 ppm for 15N. Data were processed using linear prediction to 
double or triple the number of 15N points, before Fourier transformed.  
15N Relaxation Measurements 
      Internal motions in NR were investigated via its effect on 15N NMR relaxation, 
using a 15N uniformly-labeled sample. 15N T1 and T2 were measured at 10°C, 
20°C, and 32°C using pulse sequences previously reported by Lewis Kay and 
implemented by Varian (106, 113, 114). 15N T1 values were measured from 
spectra recorded with ten different longitudinal relaxation delays: T=10, 50, 90, 
170, 250, 420, 650, 850, 1100, 1500 ms; T2 values were determined from spectra 
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recorded with nine different transverse relaxation delays: T=10, 30, 50, 70, 110, 
150, 190, 250, 310 ms. To permit the estimation of the uncertainty in the data, 
duplicate spectra were recorded for T=420 ms (T1 spectra) and T=30 ms and 70 
ms (T2 spectra). The spectra weren’t recorded in increasing order of delay T, in 
order to avoid systematic errors in the event of sample degradation during the 
experiment. Water suppression was achieved by gradient coherence pathway 
selection, and a 1 second recycle delay was employed for measurement of both 
T1-1 and T2-1 relaxation rates to ensure the complete relaxation of the nuclei. All 
2d spectra were collected with 48 scans, and data set consisted of 1280 x 96 
complex points with spectral widths of 10000 Hz x 2400 Hz in the 1H x 15N 
dimensions respectively. It is important to point out that the spectra were 
recorded without TROSY because this is not compatible with the spin states 
whose relaxation was to be measured. This led to lower resolution and sensitivity 
for the HSQC spectra, due to the large size of NR. For the data analysis, a 
number of peaks of interest were selected, peak intensities were measured for 
each value of the relaxation delay, peak intensity was plotted vs. the delay, and a 
single-exponential decay curve I(t)=I0 exp(-t/T1,2) was then fit to the data by 
Microsoft Excel to calculate a T1 and T2 value for each resonance. In this 
equation, I(t) is the intensity after a delay of time t and I0 is the intensity at time 
t=0. 
 
Results 
 
NR Activity vs. Temperature 
     The dependence of NR activity on temperature was measured using the 
standard activity assay and the results are shown in Figure 3.1. It was clear that 
NR’s catalytic activity is temperature dependent. The maximum activity of NR 
was reached around 20°C-25°C, and at or above 70°C a complete loss of activity 
was observed.  
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HSQC vs. Temperature for Fully 15N-labeled NR under Native Conditions  
     The temperature dependence of NR was investigated by collecting a series of 
1H-15N HSQC spectra over the temperature range of 4°C to 37°C. The HSQC 
was chosen because it contains one resonance for all non-proline amino acids. 
Thus, it provides data on all regions of the NR dimer, with information 
interpretable at the level of individual residues. Although the HSQC does not 
provide structural metrics such as distances or angles, the 1H chemical shift 
dispersion seen in the HSQC has been shown to depend on the existence of 
distinct chemical and structural environments for the 1H atoms, and the 
persistence of these environments for many tens of milliseconds. In other words, 
good dispersion in the proton dimension indicates persistent 3D structure. 
Similarly, a good correspondence between the number of resonances and the 
number of residues indicates that the structure encompasses the entire molecule. 
Thus, an HSQC with approximately the expected number of resonances, good 
dispersion and resonances with uniform volumes and linewidths, indicates a 
unique persistent structure. 
      The appearance of the NH cross-peaks in 1H-15N HSQC spectra, as a 
function of temperature, is shown in Figure 3.2 and Figure 3.3. Clearly, our 
HSQC spectra were completely different when observed at 4°C and 37°C. In fact, 
the entire NR backbone structure seemed to be affected by a ‘low-temperature’ 
transition near 20°C. At higher temperature (37°C) ~200 out of a total of 216 
expected NH cross-peaks were resolved, and they were well-dispersed, 
particularly in the proton dimension (Figure 3.2, top). Lowering the temperature 
toward 25°C caused small changes in proton and nitrogen chemical shifts (in 
fast-exchange regime), indicating that the secondary and tertiary structures of the 
protein were maintained and the protein was completely folded at this 
temperature range. The general shift towards small proton chemical shifts may 
reflect the temperature dependence of the chemical shift of water, which was our 
reference (115).  
      Further decreasing the temperature to below 25°C caused the native-like 
resonances to become broader, and other resonances gained prominence in the 
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narrow chemical shift range of 6.5 ppm-8.5 ppm, in the proton dimension. At 
temperatures of 10°C or lower, the latter set of sharp and poorly-dispersed peaks 
became dominant, and eventually at 4°C the spectra looked like the HSQC of a 
molten globule or partially unfolded protein (Figure 3.2, bottom). Although the 
4°C HSQC did not correspond to a completely unfolded or random-coil species 
(116, 117) with amide proton chemical shifts clustered between 7.5 to 8.3 ppm, 
as seen in Figure 3.4 in which HSQC was collected on a guanidinium chloride-
denatured NR, it still suggests NR lacks persistent structure and might be 
undergoing cold-denaturation. Additional techniques used to address this 
possibility, are discussed in the next chapter.       
      The so-called 'low-temperature' transition event is fully reversible, both 
qualitatively, based on spectra, and quantitatively based on plots of the 
intensities of peaks as functions of temperature, in spectra collected in an order 
including alternate steps up and down, from 4°C to 37°C. In addition, 1H-1d 
slices from the 1H-15N HSQCs obtained at different temperatures, taken at 126.8 
ppm for 15N, are shown in Figure 3.5. This figure gave an early indication of the 
existence of two populations hereafter called high temperature (‘high-T’) state 
and low temperature (‘low-T’) state. The two populations were in slow-exchange 
with one another on the NMR timescale, and coexist at a midpoint temperature 
near 20°C. 
      Two important things should be noted: -1- Above 37°C NR showed a 
tendency to aggregate and precipitate into gel-like materials. -2- The samples pH 
had only a small temperature-dependence, and was found to only increase by 
0.2 pH units upon cooling from 37°C to 4°C. 
HSQC vs. Temperature for Selectively-Labeled NR     
      2d HSQC spectra of 15N uniformly-labeled NR showed that clear changes 
occurred in the 25°C-4°C temperature range. However, these observed spectral 
changes were difficult to interpret because of the significant amount of resonance 
overlap. To investigate these spectral changes in more detail, high quality 2d 
HSQC spectra of NR selectively-labeled with 15N-Glycine, 15N-Phenylalanine, 
15N-Valine, 15N-Leucine and 15N-Tyrosine were recorded at various temperatures 
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(Figure 3.6). These spectra not only confirmed that temperature affected the 
appearance of HN cross-peaks dramatically, but gave a much clearer view of the 
temperature-dependent transition.  At 25°C, 11 out of 11 phenylalanines, 22 out 
of 17 leucines, 20 out of 20 valines, 12 out of 12 glycines and 4 out of 4 tyrosines 
were seen from 15N-Phe-HSQC, 15N-Leu-HSQC, 15N-Val-HSQC, 15N-Gly-HSQC 
and 15N-Tyr-HSQC spectra, respectively. But the same set of spectra collected at 
4°C showed significantly different HSQC signatures for the Gly, Phe and Leu 
resonances of NR. For example, Figure 3.7A shows the temperature 
dependence of the glycines in considerably more detail, and at least four things 
were seen from this figure: -1- Twelve well-resolved glycine cross-peaks in NR 
were observed at 25°C-37°C, while at 2°C most of those peaks were gone but 
only a few new peaks were visible. -2- Not all the ‘high-T’ peaks disappeared at 
the same temperature. For example, the one circled in heavy red retained its half 
intensity at 2°C and the one circled in orange was half gone at 25°C. -3- ‘Low-T’ 
peaks also appeared at different temperatures, with the one circled in heavy blue 
appearing at 25°C whereas at least four more appeared only at 10°C and 2°C. -
4- Appearance of the ‘low-T’ signals appeared to lag behind disappearance of the 
‘high-T’ signals, suggesting either an invisible intermediate or resonances that 
were initially invisible due to intermediate timescale exchange.  
      The temperature-dependent HSQC spectra of 15N-Phenylalanine and 15N-
Leucine NR showed a similar transition (Figure 3.6). At the higher temperature of 
25°C, the peaks were well-dispersed covering a larger chemical shift in the 
proton dimension, while at the low temperature of 4°C, the amide proton 
chemical shifts clustered between 7.7 to 8.3 ppm. However, the NMR spectra of 
the 15N-Valine-labeled sample displayed a quite different temperature pattern 
from the other three (Figure 3.6). The 4°C spectrum was well-dispersed and very 
similar to the 25°C spectrum, although the peak intensity was much weaker, and 
five ‘high-T’ peaks were barely visible. No new peaks attributable to a ‘low-T’ 
state appeared. This could mean valines have much lower midpoint transition 
temperature and we haven’t yet reached the low temperatures where we could 
observe the unfolded-like spectrum.          
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       In summary, the above data suggested that the whole of NR did not undergo 
the ‘low-T’ transition as a unit; instead, some ‘high-T’ peaks disappeared early 
during the transition while others were still visible at temperature of as low as 
4°C. Therefore, we tested the cooperativity of the ‘low-T’ transition, using two 
different selectively-labeled samples. A sample selectively-labeled with 15N at 
Phe residues (11 Phe, average per-C surface area of 4.1 Å2, based on Ahmad et 
al. (118)) reported predominantly on the hydrophobic core whereas a sample 
labeled with 15N in Gly residues (12 Gly, average per-C surface area of 8.7 Å2) 
reported predominantly on exposed regions of the protein (For the locations of 12 
glycines and 11 phenylalanines in NR backbone structure, please see Figure 
3.8). The proposal is that if NR retains a packed hydrophobic core at lower 
temperature, its core residues should display a lower midpoint temperature 
transition than residues concentrated on the protein surface and exposed to 
solvent. We have obtained full temperature dependencies for Gly (Figure 3.7A) 
as well as Phe (Figure 3.7B). Consistent with our proposal, Phe ‘high-T’ 
resonances were retained to lower T than those of Gly (Figure 3.7, midpoint 
temperature, T1/2, near 15-5°C for Phe, vs. 25–15°C for Gly). Thus, it appeared 
that different residues or different regions experience the transition between the 
two states at different temperatures, and some were more prone to loss of long-
lived unique structure than others. This argues against a cooperative transition. 
Nonetheless, the appearance of well-defined signals specific to low temperature, 
for Phe, Leu and Gly, confirms that the loss of the ‘high-T’ resonances does not 
simply reflect the whole protein becoming invisible.      
Peak Intensities vs. Temperature  
       In order to better document the temperature-dependence of individual 
resonances, we measured resonance intensities. By carefully looking at our 
HSQC data (Figure 3.3), we had observed that some peaks were stronger at 
higher temperature and became weaker and weaker as the temperature 
dropped, while others were just the opposite. It was also obvious that at lower 
temperature, a new set of signals started to appear in the slow exchange regime. 
Therefore, we selected 10 well-resolved ‘high-T’ peaks (more intense at high 
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temperatures) and 10 less-dispersed ‘low-T’ peaks (more intense at low 
temperatures), as shown in Figure 3.9, and plotted the intensities of individual 
peaks as a function of temperature. The selected ‘high-T’ peaks showed 
qualitatively similar temperature-dependencies but none of the individual curves 
appeared highly cooperative (raw data not shown). The same general 
observations were applicable to the 10 ‘low-T’ peaks (raw data not shown). The 
midpoints of the temperature dependencies of the different resonances spanned 
about 5 degrees, again confirming the transition is not cooperative. Moreover, 
this represents an under-estimate of the span since we chose peaks present at 
only 37°C and 4°C but not both, for this analysis. Nonetheless, the averaged 
intensity of ‘high-T’ peaks and ‘low-T’ peaks intersected at a transition 
temperature of about 20°C, as shown in Figure 3.10.  
15N T1 and T2 Relaxation vs. Temperature 
      The experimental results obtained from measurements of the 15N relaxation 
rates were summarized in Table 3.1. As mentioned above, two distinct 
populations of HSQC cross-peaks were observed, and the relaxation times of a 
selection of amide NH cross-peaks representing each of the ‘high-T’ and ‘low-T’ 
states were determined, at several temperatures. The average values for the 
longitudinal relaxation time T1 were 1258 ms for ‘low-T’ peaks at 10°C, and 893 
ms for ‘high-T’ peaks at 32°C. Near the midpoint of the transition, at 20°C, where 
the two populations co-existed, the average values of T1 were 992 ms and 821 
ms for ‘low-T’ and ‘high-T’ peaks, respectively. The average values for the 
transverse relaxation time T2 were 526 ms for ‘low-T’ peaks at 10°C, and 39 ms 
for ‘high-T’ peaks at 32°C. Near the midpoint of transition, at 20°C, the average 
values of T2 were 806 ms and 38 ms for ‘low-T’ and ‘high-T’ peaks, respectively.   
      These data clearly showed that the T1 values were comparable for ‘low-T’ 
and ‘high-T’ resonances. On the contrary, the T2 values for the ‘low-T’ peaks 
were more than 20 times longer than those of the ‘high-T’ peaks. The constancy 
of T1 argues that the transition is not predominately due to the increased viscosity 
of water at low temperature. In addition, slower molecular tumbling at low 
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temperature would tend to shorten T2 values, not produce the much longer 
values observed. 
Discussion 
 
      We found that NR displayed an unusual and fascinating transition between 
two completely different NMR signatures based on a series 2d 1H-15N HSQC 
spectra obtained at six different temperatures ranging from 4°C to 37°C. The low 
temperature (4°C) HSQC spectrum resembled the signature of a partially 
unfolded protein or a molten globule, whereas the spectrum at 37°C was 
indicative of a well-structured protein. This transition appears to affect the entire 
protein molecule: almost every peak in the well-dispersed 37°C backbone HSQC 
was replaced with a sharper resonance in the poorly-dispersed HSQC at 4°C or 
lower. The spectrum recorded at 20°C could represent a mixture of the peaks 
from both the ‘high-T’ and ‘low-T’ spectra, with their relative strengths shifting in 
favor of the ‘low-T’ form as the temperature decreased.  
      Indeed, our present NMR data clearly indicate the inter-conversion of two 
different forms of NR upon simply changing temperature. From 37°C to 25°C, the 
folded species started to change slightly, in a fast exchange regime, retaining its 
overall pattern but shifting upfield and broadening. These effects could reflect 
more frequent opening of the structure, permitting more rapid-exchange with 
water and shortening the life time of the unique structure. When the temperature 
was lowered further, a totally new set of signals started to appear and became 
stronger as the temperature was decreased. These new ‘low-T’ species 
appeared to be in slow-exchange with ‘high-T’ species on an NMR timescale, as 
shown by -1- plotting 1H slices from the HN-HSQC as a function of temperature; -
2- minor observed changes in the linewidths of the signals, at most temperatures. 
In addition, the analysis of peak intensities indicated that the event was not 
cooperative: as the temperature decreased, the ‘high-T’ peaks disappeared and 
‘low-T’ peaks appeared at different rates. The transverse relaxation rates of the 
15N resonances were distinctive as well: the averaged T2 value for ‘low-T’ peaks 
was more than 20 times longer than that of ‘high-T’ peaks. The large difference 
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between the T2s suggests that residues in ‘low-T’ state experience more short-
timescale motions than in ‘high-T’ state. 
      The small 1H chemical shift dispersion and long 15N T2 values are both 
consistent with rapid conformational averaging for the ‘low-T’ state. In contrast, 
the ‘high-T’ state’s amide 1H chemical shifts reflect a more unique conformation 
conferring distinctive environments and chemical shifts on each resonance: a 
persistent tertiary structure. The transition between the two states occurs within 
the physiological temperature range, where catalytic activity is also temperature 
dependent. The optimum temperature for activity does not coincide with full 
population of the ‘high-T’ state or the ‘low-T’ state, suggesting that efficient 
catalytic activity draws on both. Moreover, the protein was stored over more than 
3 years in a refrigerator at 4°C, without significant loss of catalytic activity, 
confirming that adoption of the ‘low-T’ state does not incur irreversible loss of the 
capacity for activity.     
      NR's HSQC spectrum at 4°C resembled closely to those of folding 
intermediates such as the molten globule (MG) of α-lactalbumin (94), human 
serum retinol-binding protein (87), apomyoglobin (84), human carbonic 
anhydrase (119), and the loss of 1H dispersion among backbone NMR 
resonances argues for some fluxional intermediate state, such as a molten 
globule. This term is not necessarily applicable though, as most studies of MGs 
employed high concentrations of denaturants like urea or guanidine HCl, alcohol 
co-solvents, extreme pH and/or high temperatures (24, 25), whereas our ‘low-T’ 
state was formed under otherwise completely native conditions of neutral pH. 
NMR studies of MGs have found poor dispersion, similar to ours, however they 
also described the resonances as broadened, sometimes to the point of 
invisibility (24, 25). While broadened resonances were also observed for NR 
when both states co-exist, under conditions where the ‘low-T’ state dominates its 
resonances are sharper-than-native. Therefore, we retain for now the use of the 
term 'low-T’ state while testing: -1- whether a molten globule-like structure of NR 
exists at low temperatures; -2- whether cold-denaturation of NR might occur at 
low temperature, since NR’s HSQC spectra at 4°C also look like those of 
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unfolded proteins upon addition of high concentrations of denaturants; -3- the 
possibility that the ‘low-T’ transition corresponds to NR’s monomers dissociation. 
Most studies of unfolding and MG formation have employed single-domain 
monomeric proteins. However, several recent examples related dynamic 
transitions to changes in quaternary structure (120, 121). All of these possibilities 
will be further studied and discussed in the next chapter. 
      In another interesting study, Gingras et al. (122) described structural and 
dynamical characterization of a vinculin binding site in talin rod. They showed 
that the HSQC spectra of free talin (well-dispersed as in our 37°C spectrum) and 
the talin-vaculin complex (poor chemical shift dispersion as in our 4°C spectrum) 
were clearly different. In addition, fewer cross-peaks were observed in the 
complex compared to in the free protein, providing evidence for highly 
heterogeneous motion in the talin component of the complex. They concluded 
that the sharper signals and limited chemical shift dispersion in the complex 
reflected highly mobile segments and local unfolding of the talin structure. 
Although their work is very inspiring, our case is different from theirs in that our 
two distinct HSQC spectra were observed for the unbound state only, and the 
only change was the temperature. Nonetheless, we do consider the possibility of 
local unfolding and will further characterize it in the next chapter.  
      Finally, it is not likely that the 4°C spectrum is due to aggregation since size-
exclusion chromatography showed that the protein was eluted as a single peak. 
In addition, analytical ultracentrifugation data showed the protein is a dimer at 
both temperatures, ruling against aggregation as the possible cause. Moreover, a 
larger aggregate should produce broader, not sharper lines at low temperature. 
 47
Temperature (oC)
0 10 20 30 40 50 60 70 80
R
el
at
iv
e 
A
ct
iv
ity
0.0
.2
.4
.6
.8
1.0
1.2
 
 
Figure 3.1: Nitroreductase activity vs. temperature. The specific activity value 
obtained at 20°C is defined as “100%” and all data points in this figure are 
relative numbers to that value. For a description of the assay, please see the text. 
Note: each data point in this figure is the average value of three trials, and the 
standard deviations are shown by error bars.  
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Figure 3.2: 1H-15N heteronuclear single quantum coherence (HSQC) spectra of 
NR at 37°C (top) and 4°C (bottom). The sample conditions and experimental 
settings were described in the text.   
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Figure 3.3: A series of 1H-15N HSQCs of 15N uniformly-labeled NR as a function 
of temperature. The spectra were contoured identically. HSQCs were also 
collected at 10°C, 20°C and 32°C but not shown here. 
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Figure 3.4: 1H-15N HSQC of a chemically-denatured NR collected at 32°C. 0.5 
mM 15N uniformly-labeled NR mixed with 2 M guanidinium chloride (which was 
shown by far-UV CD (see chapter 4) to cause denaturation of NR secondary 
structure), were used for data collection. 
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15N 
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Figure 3.5: 1H-1d slices from the HN-HSQC at different temperatures, taken at 
126.8 ppm in the 15N dimension. This figure clearly shows two populations: ‘high-
T’ peaks circled in red; ‘low-T’ peaks circled in blue. The two populations are in 
slow-exchange with one another on an NMR timescale, and coexist at 
intermediate temperatures near 20°C (circled in black). 
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Figure 3.6: 1H-15N HSQC of amino acid specifically-labeled NR (15N-
Phenylalanine, 15N-Valine and 15N-Leucine) at two different temperatures. The 
sample conditions and experimental settings were described in the text. 
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Figure 3.7: Comparison of temperature-dependent HSQCs of glycine and 
phenylalanine. (A): 1H-15N HSQC of 15N-Gly-labeled NR vs. temperature. (B): 1H-
15N HSQC of 15N-Phe-labeled-NR vs. temperature. Note that different 
temperature range is shown in B than in A.  
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Figure 3.8: Locations of 12 glycines (blue) and 11 phenylalanines (red) in NR 
backbone structure (gray). The molecules in green at the dimer interface are the 
two FMN cofactors. Image is courtesy of Dr. Anne-Frances Miller. 
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Figure 3.9: Peaks selected for intensity analysis. The peaks circled and 
numbered in red represent the ‘high-T’ peaks while the peaks circled and 
numbered in blue represent the ‘low-T’ peaks. The analysis was done for the 
complete HSQC series in figure 3.2 but only 37°C and 4°C HSQCs are shown 
here for the presentation. 
37°C 
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Figure 3.10:  Peak intensity as a function of temperature. The red curve is for the 
averaged intensity of 10 ‘high-T’ peaks while the blue curve is for the averaged 
intensity of 10 ‘low-T’ peaks. The curves corresponding to the temperature-
dependent peak intensity for each individual peak are omitted, for clarity.  
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Table 3.1: The 15N longitudinal relaxation time T1, and transverse relaxation time 
T2, as functions of temperature. 
 
 
Note: The numbers in red were the averaged values (and standard deviations) of 
‘high-T’ peaks and the numbers in blue were the averaged values (and standard 
deviations) of ‘low-T’ peaks. These results summarize some 50 HSQCs and 
some 80 exponential fits. 
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CHAPTER FOUR – Nature of the Unusual Low-T Transition of NR:  
not Loss of Structure but Changes in Conformational Dynamics 
 
 
Rationale and Significance 
 
       In the last chapter, we observed and discussed that NR underwent an 
unusual low-temperature transition based on completely different HSQC spectra 
observed at a higher temperature of 37°C and a lower temperature of 4°C. The 
4°C HSQC bore the signature of a partially unfolded or molten globular protein, 
while 37°C HSQC displayed the characteristics of a well-folded native protein. To 
elucidate the nature of this transition, a number of critical questions need to be 
addressed: -1- Does NR unfold at low temperature, or does NR undergo cold-
denaturation? -2- Does NR’s structure change from one to another? -3- Does NR 
form a molten globule state at low temperature? -4- Does NR retain the same 
average structure but explore more conformational space around it when 
temperature is lowered? -5- Does the temperature affect the active site flavin 
before the rest of the protein?        
 
Background 
 
       Numerous spectroscopic techniques have been used to study the stability 
changes, conformational changes and dynamics of proteins produced by 
chemical denaturants, thermal denaturation or extreme pH. Among them, circular 
dichroism (CD) and differential scanning calorimetry (DSC) are two very 
commonly-used techniques that primarily report on global properties or the 
overall stability of protein molecules, whereas analysis of the time course of 
hydrogen/deuterium exchange is often used to compare the conformational 
flexibilities or local stability of protein molecules. Fluorescence spectroscopy is a 
powerful technique for monitoring local conformational changes and solvent 
accessibility of aromatic side chains. Fluorine NMR allows one to focus on 19F-
 59
substituted amino acids and thus characterize the interactions and environments 
of these residues. Finally, measurement of the hydrodynamic radius by light  
scattering or NMR, in addition to analytical ultracentrifugation techniques are to 
study the molecular weight, shape, and overall quaternary structure of proteins. 
The differences between these techniques in terms of their advantages and 
limitations for characterization of proteins are reviewed and compared by 
Denslow, et al. (123). However, we also provide a brief discussion of the 
techniques used in the current study in the text that follows. 
Circular Dichroism (CD) Spectroscopy  
       CD is a powerful tool for investigating structural properties of proteins, 
including determining their secondary structure, estimating their secondary 
structure content, as well as monitoring the tertiary fold of native structure (124, 
125). CD has become one of the most important methods for providing a highly 
specific fingerprint for the native state, studying protein folding and 
conformational stability, and for monitoring structural changes induced by pH, 
temperature, denaturants, mutations, etc. The technique is relatively fast, easy to 
perform, and yet only requires a very small amount of sample. Depending on the 
purpose of the studies, different structural information can be gained from 3 
different wavelength ranges: (I) Far-UV CD: Far-UV CD (190-270 nm) can 
provide information about the peptide bonds in secondary structure such as α-
helix, β-sheet and random coil, and can be used to monitor changes in global 
secondary structure. (II) Near-UV CD: Near-UV CD (280-300 nm) signals 
originate from aromatic amino acid residues such as tryptophans and tyrosines, 
as well as disulfide bonds. Near-UV CD is sensitive to the overall tertiary 
structure and dynamics of proteins, and its signal provides information on unique 
packing interactions between aromatic side chains. The presence of significant 
near-UV CD signals is usually a good indication that the protein is folded into a 
well-defined tertiary structure. Gradual changes in ellipiticity in the aromatic 
region therefore indicate local conformational changes, in response to 
temperature or other perturbations. Slight loosening of a protein structure may 
not result in any change in solvent accessibility to aromatic residues and 
 60
therefore will not change the maximum fluorescence wavelength of tryptophans. 
However, the resulting change in the dynamics of those residues will affect the 
near-UV CD spectrum. (III) Visible-CD: When cofactors or modified amino acids 
with visible absorbance and circularly-polarized light are present, the CD signal of 
these chromophores arises. In flavin-containing proteins, visible CD (340-600 
nm) is used to monitor the local environment of the FMN or FAD cofactor. The 
visible CD of the flavin provides a very sensitive report on the polarity and 
anisotropy of charge distribution surrounding the flavin in the active site. 
Differential Scanning Calorimetry (DSC) 
      DSC measures the heat absorbed by a protein during an increase (or 
decrease) in temperature as the protein undergoes a conformational or structural 
change (126). DSC is used to study a wide range of thermal transitions in 
proteins. Most commonly, DSC is used to determine the protein melting 
temperature as well as thermodynamic parameters associated with protein 
unfolding. The major advantage of using DSC to study protein stability, compared 
to other methods such as CD is that it provides direct information about the mode 
of unfolding, for example, by showing whether unfolding is a 2-state process or 
whether multiple states are involved. Until recently, the major drawback of this 
technique was the requirement for a relatively large amount of protein. 
Contemporary DSC instruments, such as those made by Microcal, Inc., have 
overcome this problem and allow measurements to be made at spectroscopic 
concentrations, as low as 0.1 mg/ml. 
Fluorescence Emission Spectroscopy  
      Fluorescence emission spectroscopy is a powerful technique for studying 
proteins and their conformation. The intrinsic fluorescence spectra of tryptophans 
(Trp’s) and tyrosines (Tyr’s) residues in proteins are very sensitive to the polarity 
of their local environments. Generally, two critical elements of fluorescence 
emission are indicators of protein conformational changes: (I) Fluorescence 
Intensity. The fluorescence intensity of Trp normally increases as the polarity of 
the surrounding solvent decreases. However, the intensity of fluorescence is also 
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strongly dependent upon interactions with neighboring groups that may quench 
the fluorescence from the native conformation. For example, tyrosine 
fluorescence is often quenched in the presence of nearby Trp’s. (II) Maximum 
emission wavelength (λmax). The value of λmax provides both a characteristic 
parameter for a particular protein and structural information concerning the 
average degree of solvent accessibility of the Trp’s. The λmax values of Trp’s vary 
from 350 nm (Trp’s on the highly polar surface or fully exposed to solvent) to 320 
nm (Trp’s buried in the non-polar hydrophobic core) (127, 128). In summary, the 
intensity and wavelength of maximum fluorescence emission of Trp’s are very 
solvent dependent. The lower the polarity of the Trp environment, the lower the 
wavelength of maximum Trp fluorescence occurs and the greater the intensity.  
      Fluorescence spectroscopy has proven valuable for probing protein 
conformation because it is highly sensitive and requires only small amount of 
sample. However, most proteins contain more than one Trp, which makes 
analysis of the contributions of individual Trp difficult. To overcome this problem, 
other less fluorescent residues can be substituted for Trp by site-directed 
mutagenesis, then fluorescence spectroscopy can provide detailed information 
as to the local environment of the remaining Trp’s (129, 130).         
Fluorine-19 NMR Spectroscopy 
      Amino acids with fluorinated side-chains can be incorporated into most 
proteins without too much trouble. This allows the use of Fluorine-19 NMR 
spectroscopy, which is extremely sensitive to changes in the local environments 
of the fluorinated side-chains. 19F NMR chemical shift range is much larger than 
that of 1H, resulting in great signal dispersion (131). 19F incorporation has minimal 
effect on structure and function (fluorine and hydrogen have similar atomic radii), 
thus providing a relatively non-perturbing yet sensitive probe (83% sensitivity of 
H) with no background signals (19F does not occur naturally in proteins). Thus, 
19F NMR is an excellent probe for studying the environments and dynamics of 
amino acids in proteins, in a residue-specific manner (132, 133). 
      Several fluorinated analogs of the aromatic amino acids are available 
commercially, including the ortho, meta, and para derivatives of phenylalanine (2, 
 62
3- or 4-F-Phe), the meta derivative of tyrosine (3-F-Tyr), and tryptophan 
fluorinated at various indole ring positions (4-, 5- or 6-F-Trp) (132). A fluorinated 
aromatic amino acid can be incorporated biosynthetically into a bacterial 
expression system by including it in the growth medium and inhibiting the ability 
of the cell to synthesize the amino acid endogenously (134, 135). This is often 
accomplished by the addition of glyphosate, which inhibits the synthetic pathways 
of all three natural aromatic amino acids (136).  
       In addition, Fluorine-19 NMR spectroscopy has been demonstrated to be an 
ideal method for characterizing the molten globule state of proteins (131, 133). 
As introduced in the last chapter, the molten globule (MG) is a state which is 
neither fully unfolded nor folded, but an intermediate having slow fluctuations. 
Although binding of ANS (8-anilinonaphthalene-1-sulfonic acid) has long been 
used to probe hydrophobic clusters and has served as a functional indicator of 
the MG state, it can only provide very low-resolution structural information. In 
contrast, Fluorine-19 NMR spectroscopy provides important information on 
solvent accessibility and side-chain dynamics of individual aromatic residues, 
thus permitting better understanding of the fundamental differences between a 
partially unfolded intermediate MG and a native or unfolded protein.     
 
Experimental 
 
Materials and Chemicals  
      8M Guanidine hydrochloride (biochemical grade) stock solution and ultrapure 
Urea (>99%) were purchased from US Biological; FMN (oxidized state) and 
glyphosate were from Sigma-Aldrich; All other chemicals were purchased from 
ACROS organics, Research Organics and Sigma-Aldrich.  
Circular Dichroism Measurements   
      Circular dichroism (CD) measurements were carried out on a Jasco J-810 
spectropolarimeter equipped with a Peltier temperature control device. Far-UV 
CD spectra were recorded at wavelengths between 190 nm to 260 nm using a 1 
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mm path-length quartz cell; Near-UV CD spectra were obtained from 250 nm to 
340 nm using a 10 mm cell, while visible CD spectra were obtained from 340 nm 
to 600 nm using a 1 mm cell. The temperature dependencies of the CD spectra 
in the three different regions were monitored from 4°C to 85°C (far-UV), 0°C to 
57°C (near-UV) and 4°C to 80°C (visible). At each temperature, protein samples 
were equilibrated for about 15 minutes prior to data collection. The sample 
concentrations were 6 µM, 40 µM and 550 µM for the measurements in the far-
UV, near-UV and the visible region, respectively. All samples were in 5 mM 
potassium phosphate buffer (pH=7.5), except that samples used for visible CD 
were in 50 mM potassium phosphate buffer (pH=7.5) containing 50 mM 
potassium chloride, 1 mM β-mercaptoethanol (BME) and 0.02% sodium azide. 
All CD spectra were collected with a scan rate of 200 nm min-1, a 1 second 
response time, a 1 nm bandwidth and 0.5 nm resolution. Reported spectra are 
averages of 20-30 successive scans. The data are reported as molar ellipticity (θ) 
and the accumulated average spectra were trimmed at a dynode voltage of 700 
V. Separate buffer spectra were also collected and subtracted from the protein 
spectra.  
Thermal Unfolding Monitored by CD 
      CD was also used to study NR’s thermal stability. Thermal melting curves 
were recorded on a Jasco J-810 spectropolarimeter equipped with a Peltier 
heating unit and a circulating water bath. For far-UV CD melting curves, protein 
samples were heated in a 1 mm path-length cell from 4°C to 60°C and then 
cooled from 60°C to 35°C at a rate of 0.5°C/min while simultaneously measuring 
the ellipticity at 222 nm. The melting curve was monitored as a function of both 
increasing and decreasing temperatures to determine whether the spectral 
changes were reversible. For the near-UV CD melting curve, protein samples in a 
10 mm cell were heated from 4°C to 65°C while recording ellipticity at 284 nm. 
Protein sample concentrations of about 7 µM and 40 µM in 5 mM potassium 
phosphate (pH 7.5) buffer were used for data collection in the far-UV CD and 
near-UV CD regions, respectively. 
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Urea/GuHCl-induced Denaturation Curves Monitored by CD 
      Urea and Guanidinium hydrochloride (GuHCl) are the two most commonly-
used chemical denaturating agents for studying protein folding or conformational 
changes. For urea denaturation studies, all the samples contained 6 µM of NR in 
5 mM potassium phosphate (pH=7.5) with different concentrations of urea, 
ranging from 0-6 M in 0.5 M increments, prepared from 6 M urea and 0.5 mM NR 
stock solutions. All samples were equilibrated for at least 12 hours prior to data 
collection. For GuHCl denaturation studies, all samples contained 8 µM NR in 5 
mM potassium phosphate (pH=7.5) with different concentrations of GuHCl, 
ranging from 0-0.8 M in 0.1 M increments, ranging from 0.8-3 M in 0.2 M 
increments, and ranging from 3-8 M in 0.5 M increments. 8 M GuHCl and 0.5 mM 
NR stock solutions were used to prepare samples and samples were equilibrated 
overnight before making measurements. The Far-UV CD denaturation profiles of 
NR by both urea and GuHCl were then recorded on a Jasco J-810 
spectropolarimeter using a 1 mm cell and a 1 nm bandwidth, at 4°C and 37°C for 
different concentrations of urea and at 4°C, 20°C and 37°C for GuHCl. Scans 
were acquired from 200 nm to 250 nm (far-UV region) with a scan speed of 200 
nm/min, and reported spectra were averages of 15 scans. 
Fluorescence Measurements 
      The intrinsic fluorescence steady-state measurements were performed in a 
FluoroMax-3 spectrofluorometer (Jobin-Yvon Horiba) using a 1 cm path-length 
cuvette. The intrinsic Trp fluorescence of NR was measured by recording the 
emission spectrum from 285 nm to 400 nm, with an excitation wavelength of 295 
nm (chosen to minimize excitation of Tyr). For measurement of intrinsic FMN 
cofactor fluorescence, emission spectra were recorded from 440 nm to 650 nm, 
with an excitation wavelength of 450 nm. For both experiments, the scan rate 
was 100 nm/min (wavelength increment of 0.5 nm), and slit-widths (or band-
passes) for excitation and emission wavelengths were 2 nm and 5 nm, 
respectively. All fluorescence spectra were corrected for background scattering 
as measured with pure buffer. The final protein concentrations were 2.2 µM (Trp 
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fluorescence) and 10 µM (FMN fluorescence) in 5 mM potassium phosphate, pH 
7.5. These NR concentrations kept the absorbance in the range of 0.05 to 0.1 at 
the excitation wavelengths, and thus minimize the internal filter effect.  
      Emission spectra were scanned across the wavelength ranges, and the 
maximum emission wavelength λmax and the peak intensity at λmax were 
determined. The emission spectra were collected as a function of temperature 
from 4°C to 42°C. Samples were incubated for 30 min at each temperature using 
thermospacers linked to a circulating water bath prior to data collection. Reported 
spectra were the averages of two scans.  
Differential Scanning Calorimetry Measurements 
       DSC measurements were performed on a Microcal differential scanning 
calorimeter (University of Colorado Health Sciences Center). Samples were 
dialyzed 2 times against the buffer (50 mM potassium phosphate, 50 mM 
potassium chloride, pH 7.0), and the final dialysis buffer was used as a reference. 
Protein concentrations of 4-6 mg/ml, and 2 mg/ml were used for holo-NR and 
apo-NR (devoid of FMN), respectively. Scans of the buffer were repeated until 
identical baselines were achieved. Excess heat vs. temperature curves were then 
recorded between 5°C and 80°C using a heating rate of 60°C/h and then a 
cooling rate of 90°C/h. Each sample was heated and cooled for three cycles to 
evaluate folding reversibility. Data analyses were carried out in Microcal Origin 
software (Microcal DSC, version 1.2a) using a two-state model with change in 
heat capacity for each observed transition. 
Preparation of Apo-NR and FMN Binding Titrations 
      Apo-NR was generated by the methods previously described by Koder et al. 
(7). Briefly, holo-NR in 1.7 M ammonium sulfate, 1 M KBr, 50 mM KH2PO4, 
0.02% NaN3, pH 7.0, was applied to a 2.5×5-cm column of Phenyl Sepharose 
(Sigma) at room temperature. FMN was removed by elution with the same buffer, 
adjusted to pH 5.0. Apo-NR was then eluted using 50 mM phosphate buffer, 
0.02% NaN3, pH 7.0, and immediately cooled to 4°C. The apo-NR concentration 
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was determined based on an optical extinction coefficient of 40.73 mM-1cm-1 at 
280 nm. 
      NR's affinity for one FMN per monomer was measured fluorometrically. 
Fluorescence-monitored binding measurements were carried out at three 
different temperatures, 4°C, 20°C and 37°C, in a FluoroMax-3 spectrofluorometer 
using an excitation wavelength of 450 nm. Small aliquots of 2 µl of cold 30 µM 
apo-NR were titrated into 1 ml solutions containing 200 nM oxidized FMN in 100 
mM PIPES, 50 mM KCl, 0.02% NaN3, pH 7.0. After each addition, the solution 
was mixed for at least 5 minutes before collection of the emission spectra from 
440 nm to 650 nm. The titration was ended when no further decrease in 
fluorescence intensity was observed. The fluorescence quenching data were 
then fit to the following equation using Kaleidegraph: 
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where ∆F is the change in fluorescence emission at 520 nm, ∆Fmax is the total 
change in fluorescence at this wavelength at saturating NR concentrations, Kd is 
the dissociation constant obtained for the apoNR-FMN complex, [FMN]T is the 
total FMN concentration, and ET is the total concentration of NR. 
Fluorine-19 NMR Experiments 
       All Fluorine-19 NMR data were collected on 19F-tyrosine-labeled samples 
from 4°C to 37°C in 5°C intervals on a Varian 400MHz NMR spectrometer. The 
high-frequency channel was tuned to the fluorine frequency at ~377MHz. All 
NMR samples were prepared in 50 mM potassium phosphate buffer (pH=7.0) 
containing 50 mM KCl, 1 mM β-mercaptoethanol (BME), 0.1 mM EDTA, 0.02% 
NaN3 and ~8% D2O/92% H2O with a final concentration of ~0.5 mM. The sample 
was equilibrated at each temperature for at least 15 min inside the spectrometer 
and the fluorine probe was re-calibrated before the start of data acquisition. For 
the GuHCl-denaturation experiments, 8 M GuHCl stock solutions were added to 
the samples to the final concentrations of 1 M and 2 M. The 19F spin-relaxation 
times, T1s, were determined by the inversion-recovery method. All fluorine 
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spectra were collected using a 90o pulse and a 5.5 s recycle time (>3x the 
longest T1 of 1.4 s), and referenced to an external KF chemical shift standard (-
125.3 ppm).  
       For the saturation-transfer experiments, the 1d 19F NMR pulse sequence 
was modified by adding a saturation delay (satdly) of 0.8 second (chosen based 
on the T1s). To identify saturation-transfer partners of each individual resonance, 
the saturation frequency (satfrq) was centered at each resonance in turn and 
separate spectra were collected for each case. An additional control experiment 
was performed, with the satfrq set to be about 2000 Hz away from the 
frequencies of all peaks. The saturation-transfer experiments were performed at 
three different temperatures, 4°C, 20°C and 37°C. All 19F NMR spectra were 
processed in the same manner with base-line correction, ~5 Hz exponential line 
broadening and linear prediction to triple the data points.  
 
Results 
 
The Effect of Temperature on Far-UV CD-monitored Secondary Structure  
       To learn whether cooling NR to 4°C abolishes its secondary structure, far-UV 
CD spectra were collected as a function of temperature from 4°C-85°C (Figure 
4.1). The far-UV CD spectrum of NR displayed two strong negative ellipticities at 
208 nm and 222 nm. This is characteristics of a large content of α-helical 
secondary structure. Moreover, the far-UV CD results indicated retention of 
extensive secondary structure at 4°C with gradual loss of negative ellipticity at 
222 nm (less loss at 208 nm) until 42°C-52°C, where a sharp loss of secondary 
structure occurred upon heating. This high-temperature denaturation was marked 
by diminishing of negative bands at 208 nm and 222 nm, and development of a 
deep negative band near 200 nm instead.  
       However, far-UV CD data alone can lead to wrong conclusions as to the 
equilibrium state of proteins. Because if a protein becomes partially unfolded but 
with retention of most of its secondary structure, the far-UV CD signal can still 
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remain strong. For example, the far-UV CD spectra of several proteins in the MG 
state have been shown to be similar to those in the native states (77, 81, 125). 
Secondary Structure Content Predictions from Far-UV CD Spectra 
      The amount of different secondary structure content as a function of 
temperature was estimated using the CD spectral deconvolution program ‘k2d’ 
(http://www.embl-heidelberg.de/~andrade/k2d/). The calculation was performed 
using spectral data between 200 and 240 nm. The results in Table 4.1 showed 
that, as temperature increased from 4°C to 62°C, the amount of α-helix 
decreased by ~2 fold, while the β-sheet and the random coil content increased.   
The Effect of Temperature on Near-UV CD-monitored Tertiary Structure  
      Since far-UV CD does not necessarily distinguish between the native and MG 
states, we also collected near-UV CD data, which better distinguishes those two 
states. CD spectra in the near-UV region as function of temperature from 0°C-
57°C are shown in Figure 4.2, top and the molar ellipticity at 284 nm vs. 
temperature was also plotted in Figure 4.2, bottom. The near-UV CD spectrum 
of native NR showed a positive band at ~265 nm and a negative band at ~283 
nm, which was interpreted to be a consequence of one or more tryptophan 
residues situated in chiral environments (137).  
      Moreover, no significant change was observed in the near-UV CD spectra 
from 0°C to 25°C, indicating that the local structure around the Trp’s was 
essentially unchanged between 4°C and 25°C, where the NMR-detected 
transition appeared. The CD signal intensity started to decrease gradually as the 
temperature increased from 25°C to 42°C, probably due to weakening of the 
tertiary interactions, although the near-UV CD spectra kept the same shape. At 
47°C and higher, the CD intensity decreased markedly (indicating high-
temperature melting of protein tertiary structure), and the spectrum essentially 
collapsed toward the base line. This suggested that the environment of Trp 
residues became less chiral and that well-defined packing interactions for the Trp 
side chains were lost. The high temperature melting of NR was not a reversible 
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process, as lowering the temperature didn’t restore the near-UV CD signals 
(Figure 4.2, bottom). 
The Effect of Temperature on the Visible CD-monitored FMN Cofactor 
Environment 
      Visible CD was used to study the conformational changes around the active 
site FMN cofactor in NR. No changes in the visible CD spectrum were observed 
at all from 4°C-42°C (Figure 4.3, top), although at denaturing temperatures 
above 60°C (Figure 4.3, bottom), the flavin CD signal was indeed lost. Thus, the 
environment of the flavin did not change or suffer increased conformational 
averaging at low temperature. At the high-temperature end of this experiment, 
heavy protein precipitation was observed. 
Cooperative Thermal Unfolding as Monitored by DSC and CD 
      The thermal unfolding properties of NR were characterized by both DSC and 
CD measurements. The DSC melting profiles are presented in Figure 4.4. The 
transition is highly asymmetrical and require more than one event be invoked to 
explain it. A fit to two events yielded characteristic melting temperatures of 
Tm = 46°C and 54°C. The nature of these two events is unclear, but they could 
correspond to monomer unfolding and monomer dissociation, respectively, based 
on comparison of DSC of holo-NR and apo-NR. Meanwhile, the heat absorption 
curves showed sharp higher temperature peaks, indicating that the high-
temperature unfolding transition is highly cooperative. This transition is mirrored 
by the results from both far-UV CD (Figure 4.5, top) and near-UV CD thermal 
melting curves (Figure 4.5, bottom): in both experiments, a highly cooperative 
thermal unfolding transition was observed for NR with the midpoints about 45°C, 
corresponding to loss of secondary and tertiary structures, respectively. No 
cooperative event was indicated by either DSC or CD between 4°C and 37°C. 
High-temperature unfolding of NR was an irreversible process accompanied by 
heavy aggregation or precipitation at the end of experiment, as cooling from 
60°C-32°C didn’t restore the original far-UV CD signals.  
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The Effect of Temperature on GuHCl/Urea Denaturation Curves  
       Figure 4.6 displays GuHCl-denaturation curves monitored at 222 nm in the 
far-UV CD spectra at low temperature 4°C, intermediate temperature 20°C and 
high temperature 37°C. The observed ellipticity as a function of GuHCl 
concentration showed a sigmoidal curve, although the baseline for the folded 
state was not clearly delineated. The denaturation curve indicated that the 
unfolding of the protein possibly occurred via 2-state transitions with no observed 
intermediate, although there was an apparent subtle decrease in the negative 
elliptivity at 0.4-0.5 M GuHCl for the 20°C curve. The midpoint GuHCl 
concentrations were incredibly low, ~0.3 M at 37°C, ~0.5 M at 4°C and ~0.8 M for 
20°C. The fact that the protein was more prone to denaturation at either lower or 
higher temperatures could reflect increased tendency for local/partial unfolding in 
both conditions. Urea denaturation curves at 4°C and 37°C, however, were 
almost super-imposable, with a midpoint urea concentration at ~3.5 M (data not 
shown). The reason for different effects by urea and GuHCl is still unclear.  
The Effect of Temperature on Fluorescence Emission Spectra 
       The wavelength of maximum fluorescence emission was monitored in order 
to detect changes in the environment and solvent accessibility of the three Trp 
residues in NR or the flavin cofactor (located at the protein dimer interface). 
Fluorescence Emission spectra collected as a function of temperature are shown 
in Figure 4.7A for Trp’s and in Figure 4.7B for FMN. The wavelengths of 
maximum emission λmax of the Trp’s and FMN are tabulated in Table 4.2. The 
wavelength of maximum emission λmax of the Trp’s remained almost constant 
between 344-345 nm in the temperature range of 4°C-25°C, giving no evidence 
of a transition. It is interesting however that the Trp’s λmax of 344 nm is 
significantly higher than the λmax =330-335 nm typical of native states of 
tryptophan-containing proteins, and very close to the λmax of free Trp in water 
(350 nm). It was also clear that upon thermal unfolding, the wavelength of 
maximum emission Trp fluorescence showed a significant red shift by ~6 nm with 
the emission λmax increasing to between 348 to 351 nm at 32°C-42°C. Thus, in 
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native NR the Trp’s appear less solvent-exposed than in unfolded protein, but still 
more exposed than normal. FMN fluorescence was almost temperature-
independent, and the value of the emission λmax=521 nm was only 1 nm shorter 
of the emission λmax=522 nm reported for free FMN in water (Table 4.2). Thus, 
our data suggest that there is no significant change in solvent exposure for the 
FMN in the dimer interface, and they indicate a high degree of exposure even for 
structured NR. 
       In addition to λmax, the maximum fluorescence intensity also reports on 
solvent exposure. The fluorescence intensity of the Trp’s is plotted in Figure 
4.7C. The lowest fluorescence intensity was reached at about 28°C (close to the 
transition midpoint temperature and optimal temperature for activity) and the 
intensity increased on both sides of temperature axis. Similarly, for FMN the 
lowest fluorescence intensity was observed at about 32°C and the intensity 
increased to both lower and higher temperatures (Figure 4.7D). Thus, it seems 
that solvent exposure is minimized not by the lowest temperature or highest 
melting temperature, but at an intermediate temperature.  
The Effect of Temperature on FMN Dissociation 
      The fluorescence intensity of FMN decreased with the gradual addition of 
apo-NR as binding to the protein quenched the FMN fluorescence by a factor of 
3. A representative titration curve of FMN binding monitored by fluorescence 
emission spectrum is shown in Figure 4.8. The flavin dissociation constants were 
63, 122 and 417 nM for 4°C, 20°C and 37°C, respectively. Clearly, NR retained a 
high affinity for FMN at lower temperature. Moreover, from our preliminary data, it 
seemed that the binding was tighter at lower temperature. In the meantime, we 
note that binding affinity is related to the (negative) free energy of binding, which 
includes both entropic and enthalpic terms. Thus, while binding to a less well-
defined ‘low-T’ state might be less favorable on enthalpic grounds, it might be 
less costly entropically. This is consistent with increasing affinity at low 
temperature. 
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The Effect of Temperature and Denaturant on 19F-NMR 
       The location of four tyrosine residues in the structure of NR is shown in 
Figure 4.9. Incorporation of [3-19F]-Tyr into NR gave rise to eight well-resolved 
resonances in the Fluorine-19 NMR spectrum (Figure 4.10). The resonances 
have roughly equal integrated areas, indicating either two equally-populated 
conformations (in slow-exchange) or separate signals from each of the two 
possible rotamers of each tyrosine side chain. So far, we have not assigned 
resonances to specific tyrosine residues although it could be accomplished by 
time-consuming site-directed mutagenesis of each tyrosine, in turn.  
       The fluorine NMR spectra of 19F-Tyrosine-NR were obtained at 4°C, 10°C, 
15°C, 20°C, 25°C, 32°C and 37°C and shown in Figure 4.10. To help interpret 
the data, the eight peaks were labeled by numbers (1 to 8) from the left to right. 
No significant changes in terms of the shapes of the spectra were seen from 4°C 
to 25°C, although the chemical shifts did generally shift downfield a little bit. As 
the temperature increased to 32°C and 37°C, there were some pronounced 
changes at the chemical shift ranges of peak 5, 6, 7.  
       The effect of denaturant GuHCl on the native structure of NR can be seen in 
Figure 4.11. At 1 M GuHCl, the fluorine NMR spectrum changed markedly 
compared to the native spectrum, as evidenced by the absence of peak 2 and 3. 
At 2 M GuHCl, the spectrum changed completely with only one sharp peak and 
one small side peak were observed in the middle, as expected for an unfolded 
protein. The dominate resonance of 2 M GuHCl-denatured NR, at -140.4 ppm, 
provides an explanation of the new resonance that grows into the spectrum of 
native NR at 37°C, as due to denatured NR.  
       Therefore, the combination of temperature and denaturant dependence of 
19F-NMR spectra further proved that at lower temperatures, NR not only retains 
its global backbone structure but also retains distinct, persistent local side-chain 
environments. NR was certainly not a molten globule at lower temperatures 
because significantly broader 19F resonances and significant spectral overlap 
were expected in the molten globule as compared to the native state (131). 
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Why do 4 Tyrosines Produce 8 Signals on 19F-Tyrosine NMR?  
       We proposed that there were two 19F signals per tyrosine residue, one for 
each of the two possible orientations of the Tyr ring which would normally 
identical (but not when 19F replaces one of the H next to the OH). To test this 
hypothesis, we saturated each resonance one at a time, to learn whether each 
one transferred saturation to just one other or not, and whether in each case 
preferential saturation-transfer was reciprocated. In all the spectra in Figure 4.12, 
the red spectrum is the control (saturation applied off-resonance). The arrow 
shows the frequency at which saturation was applied in the experimental 
spectrum (black).   
       This series of experiments was repeated at 4°C, 20°C and 37°C. The results 
were summarized as follows: -1- At all temperatures, peaks 1 and 2 did not 
appear to cross-relax or exchange efficiently with any other resonances. -2- At all 
temperatures, peak 3 and 4 appeared to exchange or cross-relax with one 
another. -3- Irradiation of resonance 5 and 6 not only affected one another but 
produced apparent increased intensity over rest of the spectrum (5 and 6 appear 
to stimulate emission from other sites in some sense). This was truer for lower 
temperatures where the lines were broader and the solution viscosity was higher: 
The intensity increase was a little bit greater at transition temperature of 20°C 
than 4°C, but much smaller at 37°C. -4- Peak 7 and 8 might cross-relax or 
exchange slowly with one another but appeared to cause mixed behaviors and 
selective increases in intensities of other peaks: at the lower temperature of 4°C 
and midpoint transition temperature of 20°C, no changes occurred in the intensity 
of other peaks, while at 37°C the saturations of peak 7 and 8 caused some 
increased intensities of peak 1, 3 and 4.   
       Thus, it would appear that resonances 3 and 4 are a pair of resonances 
corresponding to one Tyr and inter-converting on a NMR timescale, as are 7 and 
8. Resonances 5 and 6 both produce the same remarkable behavior suggesting 
they both derive from one Tyr. The remaining resonances, 1 and 2, exchange or 
cross-relax with no other resonances. Nonetheless, by process of elimination, 
they are tentatively attributed to the remaining Tyr’s.  
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       The results of cross-relaxation are also consistent with the effects of GuHCl. 
In 1 M GuHCl, we observed a strong signal from denatured NR, in addition to 
only four broader resonances. Thus, we attribute these to the 4 Tyr’s residues in 
NR, and propose each undergoes sufficiently rapid ring-flips to produce a single 
average signal. While signal B in Figure 4.11 can be readily explained by 
averaging of 3 and 4, signal A would have to incorporate a large average shift as 
well as rapid averaging of 1 and 2. Similarly, signal C is most simply explained by 
averaging of 5 and 6, whereas signal D would require a relatively smaller 
average shift in addition to averaging of 7 and 8. Nonetheless, we propose that 
the four 19F signals are not due to unfolded NR in 1 M GuHCl but correspond to 
one signal from each Tyr, all undergoing rapid ring-flips. 
 
Discussion 
 
NR does not Unfold at Lower Temperature 
       A number of independent lines of evidence have shown that NR retains both 
global secondary structure and tertiary structure: -1- Far-UV CD indicated that 
the protein retained as much secondary structure (α-helicity and β-sheet content) 
at 4°C as at 37°C, although the proportion of β sheet-type content increased 
slightly. -2- At lower temperature NR had a strong near-UV CD signal, indicating 
retention of its well-folded tertiary structure. -3- The visible CD spectrum 
indicated that the local environment of the FMN cofactor was not altered or 
subject to averaging at temperatures from 4°C to 42°C, only disappearing at 
higher temperature when the protein denatured and the flavin was released into 
solution. -4- A highly cooperative loss of far-UV CD signal upon heating indicated 
that a protein existed initially as a compact, well-folded structure, while on the 
contrary; a very gradual, non-cooperative melting reaction would indicate that the 
protein existed initially a very flexible, partially unfolded protein. -5- The near-UV 
CD melting curve revealed that loss of tertiary structure occurs concurrently with 
loss of secondary structure. -6- No cooperative unfolding event was observed at 
low temperature by DSC, although cooperative unfolding at high temperature 
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was observed. -7- FMN cofactor remained tightly bound to NR at low 
temperature, revealed by FMN binding titration experiment. -8- Fluorine-19 NMR 
proved that NR retained its native core side-chain packing interactions at low 
temperature by comparing its fluorine spectrum with the control spectrum of 
GuHCl-induced unfolded NR. 
       It should be pointed out, however, that at lower temperature than 4°C, NR’s 
far-UV CD signature as well as other spectroscopic properties mentioned above 
could be altered and NR may lose its secondary and/or tertiary structures due to 
cold-denaturation. We could not address this possibility, however, because of 
sample freezing.  
The ‘Low-T’ State is not a Molten Globule State        
      A couple of experimental results have shown that the hydrophobic core of NR 
was not becoming molten at lower temperature, and NR’s hydrophobic side-chain 
packing was unique and structured: -1- The presence of significant near-UV 
signals indicated that the protein was folded into a well-defined tertiary structure 
at low temperature without disrupted side-chain packing interactions between 
aromatic side chains. Molten globule (MG) has been shown in many occasions to 
be lacking of native near-UV CD signal of side-chain packing although they retain 
far-UV CD of backbone secondary structure (76, 81, 91, 95). -2- Fluorine-19 
NMR spectra showed resonances for the ‘low-T’ state were as broad as the 
native state, therefore further proved that NR didn’t form a molten globule at low 
temperature. 
The ‘Low-T’ Transition does not correspond to Monomer Dissociation 
       We have ruled out both low-temperature unfolding and MG formation as 
bases for the transitions observed by HSQC-NMR. But for many proteins, cold-
inactivation has been shown to stem from dissociation of oligomeric structure 
(101).  In our case, the possibility of monomer dissociation was suggested by the 
much sharper NMR line widths observed at low temperature. These contrasted 
with the very broad NMR resonances reported for many molten globules (24, 25). 
Indeed, new preliminary data indicated that the ‘low-T’ state could correspond to 
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dissociation of the NR dimer. Five-fold dilution of NR reproduced the usual ‘low-T’ 
state spectrum at 4°C (data not shown). However the 37°C spectrum (Figure 
4.13, top) of 0.1 mM NR displayed much more of the ‘low-T’ signature than that 
of our usual 0.5 mM samples (Figure 4.13, bottom). Although possible 
monomerization at low temperature agreed with prior literature on other proteins, 
monomer-dimer equilibrium should affect all residues at the same temperature, 
unlike what we observed. This result was also surprising considering the 
equilibrium density centrifugation data we had which indicated a dimer 
dissociation constant of <10 nM (7), and the retention of flavin binding and flavin 
visible CD at 4°C, which indicated that the putative monomers of NR retain their 
native interactions where the flavin was bound. Therefore, for now we concluded 
that monomer dissociation was unlikely during the ‘low-T’ transition. This issue is 
extremely important since different methods available for characterizing protein 
states and structural content employ different concentrations of protein.         
The Nature of the ‘Low-T’ Transition: a Model 
       In chapter 3, we described NR’s unusual and fascinating ‘low-T' transition 
observed by 2D HSQC-NMR. In this chapter, we have gathered enough 
evidences to conclude that the ‘low-T’ transition does not simply correspond to 
cold-denaturation of the protein, the ‘low-T’ state is not a molten-globule state nor 
does it appear to be the result of monomer dissociation. As a step towards 
understanding the nature of the ‘low-T’ transition, however, negative conclusions 
are less useful than positive ones, so we now propose a possible explanation for 
what the transition might be, with assistance of a model shown in Figure 4.14. In 
this model, we propose that the ‘high-T’ and ‘low-T’ states differ in degree of 
conformational averaging. We do not interpret the poorly-dispersed NMR 
spectrum at 4°C (Figure 3.2) as loss of structure but rather the loss of 
persistence (or acceleration of conformational averaging). We envision the ‘low-
T’ state is fluxional and a loosely-defined ensemble of rapidly inter-converting 
structures. By contrast, the dispersed NMR observed at 37°C (Figure 3.2) 
indicated a unique well-defined structure. Because it predominates at higher 
temperature, it must be favored entropically, not enthalpically, over the state 
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observed at ‘low-T’. Therefore, we propose the unique ‘high-T’ structure reflects 
release of water at higher temperatures and thus a large increase in water 
entropy; while on the other hand, there is greater hydration of protein side-chains 
at lower temperatures and more ordering of water (Figure 4.14). Our hypothesis 
is supported by both saturation-transfer and solvent-exchange experiments, 
which will be discussed in detail in the next chapter. Finally, the ‘low-T’ and ‘high-
T’ state interconvert slowly on the NMR chemical shift timescale, and co-exist in 
spectra collected near 20°C (Figure 3.3). 
       Recent studies have concluded that local internal protein motions raise the 
melting temperature of a protein by increasing the heat capacity of the native 
state and thus decreasing the heat capacity difference between the native and 
denatured states (∆Cpunfold) (138). Such a decrease in ∆Cp will expand the 
temperature range in which a protein remains folded by both raising the melting 
temperature and decreasing the cold-denaturation temperature (139). Therefore, 
it is highly possible that NR keeps the same average structure at relatively low 
temperatures because of the motion of the active site, and our dynamic/fluxional 
model as described is most likely to be true.  
Our Model Gives a Possible Explanation of Trp Fluorescence Data 
       Locations of the tryptophans residues in NR: NR has three Trp’s (Figure 
4.15A). Trp-46 and Trp-138 are buried in the interior hydrophobic core of the 
protein and Trp-94 is substantially exposed and has direct contact to the polar 
solvent (Figure 4.15B). In addition, tryptophan fluorescence emission at 340-350 
nm (Figure 4.15C) overlaps with FMN absorption at 340-390 nm (Figure 4.15D). 
Thus, the Trp fluorescence quenching by the FMN cofactor must be taken into 
consideration, in addition to the usual interpretation in terms of solvent 
accessibility.  
       The use of our model to interpret fluorescence data: It seemed that our 
native Trp fluorescence predominantly reflected the exposed Trp-94 since the 
emission maximum, λmax, is indicative a highly polar environment. This suggests 
that fluorescence from the other two Trp’s is substantially quenched by the 
nearby flavin (less than 10 Å from both Trp-46 and Trp-138). Furthermore, NR's 
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Trp fluorescence intensity increases by ≈30% at low temperature, and shifts 
some 6 nm towards the blue. Both changes were opposite to what would be 
expected upon increased solvent accessibility, but are consistent with relief of 
quenching by the flavin in a looser and more dynamic structure, as proposed by 
our model, which would permit greater expression of fluorescence by the two 
buried Trp’s (for precedent, see  (140)).   
       The next steps: To assess the contribution of quenching, future work will 
repeat the experiment with the flavin reduced. We found that reduction of the 
flavin did not significantly alter the temperature dependence of the HSQC (data 
not shown), however reduced flavin is a three-fold weaker absorber in the region 
of the Trp emission band, so reduced flavin will be a much less effective 
quencher of Trp fluorescence. Extra Trp fluorescence measured in the reduced 
state will be indicative of the extent of Resonance Energy Transfer (RET) from 
Trp to flavin, and is expected to decrease at lower temperatures if the 
hydrophobic core becomes more dynamic or more hydrated (140). Depending on 
the results obtained, we propose to mutate the exposed Trp-94 to Tyr and Phe, 
select the better-behaved of the two and compare its Trp fluorescence's 
temperature dependence and flavin-oxidation state dependence with that of the 
wild-type, to assess fluorescence and quenching of the buried Trp-46 and Trp-
138 specifically. Particularly interesting results would justify construction of the 
complementary single-Trp proteins.  
Implications of NR’s Backbone Dynamics for its Activity 
       As discussed above, NR’s apparent structural changes at decreasing 
temperature below 25°C could represent alternation between two or more 
different structures or retention of the same average structure but with 
increasingly large or rapid fluctuations, possibly eventually progressing to 
unfolding as the temperature decreases. If the former were true, lowering 
temperature would normally result in sharpening-up of new resonances 
corresponding to the two or more structures, as the rates of exchange between 
them slowed. Instead, the resonances that appear and sharpen as the 
temperature is decreased are fewer in number than those visible at higher 
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temperature. Moreover, they display dramatically decreased dispersion 
characteristic of an unfolded or rapidly-averaged protein: bunched tightly in the 
regions of the HSQC. This is consistent with rapid large amplitude fluctuations, 
but normally the latter increase at high temperature, not low. 
       This kind of behavior has not been studied in another enzyme, either 
because it is so unpalatable, due to the technical difficulties it poses, or because 
only the observation at a single temperature is commonly used. Generally 
speaking however, increased dynamics is expected at higher temperature. Thus, 
our observation of dramatically increased dynamics at lower temperatures that 
are nonetheless within the physiologically relevant range is quite unusual, and 
unexpected for an enzyme. Therefore, we wished to probe the possibility that 
backbone dynamics are coupled to enzyme activity, which is the topic of the next 
chapter. 
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Figure 4.1: NR’s far-UV CD spectra as a function of temperature. The sample 
conditions and the instrument settings were described in the text. 
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Figure 4.2: NR’s near-UV CD spectra as a function of temperature. (Top: near-
UV CD spectra of NR vs. temperature. Bottom: molar ellipticity at 284nm vs. 
temperature). The spectra were recorded successively as increasing 
temperatures from 0°C-57°C, and then three spectra were recorded as 
decreasing temperatures in order to show the reversibility. The sample conditions 
and the instrument settings were described in the text. 
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Figure 4.3: Visible CD of NR’s flavin as a function of temperature. (Top: low to 
intermediate temperature ranges of 4°C-42°C. Bottom: high temperature range 
of 32°C-57°C). The sample conditions and the instrument settings were 
described in the text.  
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Figure 4.4: Differential Scanning Calorimetry (DSC) melting curve of NR (black) 
monitored from 5°C-80°C. The curves in red were the fitting curves. The 
thermodynamic parameters were given in the inset box. The sample conditions 
and the instrument settings were described in the text.  
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Figure 4.5: Thermal unfolding curves of NR monitored by far-UV CD at 222 nm 
(Top) and near-UV CD at 284 nm (Bottom). Reversibility of thermal unfolding 
was checked as decreasing temperatures from 60°C-32°C by far-UV CD. The 
sample conditions and the instrument settings were described in the text. 
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Figure 4.6: Effect of temperature on guanidinium hydrochloride (GuHCl) 
denaturation curves of NR monitored by far-UV CD at 222nm. Blue curve is at 
4°C; purple curve is at 20°C; green curve is at 37°C. The bottom figure is blow-up 
picture of the region boxed in heavy red in the top figure. The sample conditions 
and the instrument settings were described in the text. 
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Figure 4.7: Fluorescence emission spectra of NR as a function of temperature. 
(A): Tryptophan emission spectra (excitation at 295 nm). (B): FMN emission 
spectra (excitation at 454 nm). (C): The plot of maximum of fluorescence 
intensity of Trp’s vs. temperature. (D): The plot of maximum of fluorescence 
intensity of FMN vs. temperature. The sample conditions and the instrument 
settings were described in the text. 
  B
  C    D
  A 
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Figure 4.8: A representative titration curve of FMN binding monitored by 
fluorescence emission spectra, performed at 4°C. The fluorescence intensities at 
521 nm were used to fit the equation (see the text) and calculate the flavin 
dissociation constant. The numbers on the right are the total volume of cold 30 
µM apo-NR titrated into 1 ml solutions containing 200 nM oxidized FMN in 100 
mM PIPES, 50 mM KCl, 0.02% NaN3, pH 7.0. The binding titration were also 
performed at 20°C and 37°C but not shown here. 
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Figure 4.9: Locations of four tyrosines in NR backbone ribbon structure (gray). 
The side-chains of four tyrosine residues are shown in purple; the molecule in 
green and blue at the dimer interface is the FMN cofactor. Image is courtesy of 
Dr. Anne-Frances Miller. 
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Figure 4.10: Fluorine-NMR spectra of 19F-Tyrosine-labeled NR vs. temperature. 
The chemical shifts were referred to -125.3 ppm for an external standard KF. 
 
Figure 4.11: Fluorine-NMR spectra of 19F-Tyrosine-labeled NR as a function of 
denaturant guanidinium hydrochloride at 20°C.  
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                                                            (Figure 4.12, to be continued in the next page) 
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Figure 4.12: Saturation-transfer studies on 19F-Tyrosine NMR. From top left to 
bottom right are the Fluorine-19 NMR spectra of saturation on peak 1 through 8 
collected at three different temperatures. The red spectra are the control 
(saturation applied off-resonance). The black spectra are the spectra as result of 
saturation-transfer. The green arrows indicate where the frequency saturation 
was applied (irradiation) and the blue arrows indicate the response of saturation-
transfer. 
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Figure 4.13: The effect of protein dilution on the appearance of 1H-15N HSQC 
spectra. (Top: HSQC of 0.1 mM 15N-NR at 37°C. Bottom: HSQC of 0.5 mM 15N-
NR at 37°C). Note: these two spectra were collected with different transients.                            
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Figure 4.14: Model for entropic stabilization of a better-defined unique structure 
at higher temperature (right), vs. a fluxional ensemble at lower temperature (left). 
Protein is coded in blue and water molecules are coded in red. 
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Figure 4.15: A presentation of FMN quenching of tryptophans. (A): Locations of 
three Trp’s (red) in NR backbone ribbon structure (gray): Trp-46 and Trp-138 
close to FMN factor (green). (B): The surface exposure of three Trp’s (Red): Trp-
46 and Trp-138 are buried in the interior of the protein, while Trp-94 is 
substantially exposed. (C): The fluorescence emission spectrum of free 
tryptophan (~2.3x10-5mM) shows a maximum wavelength of emission around 
350 nm. (D): The UV-visible absorption spectrum of free FMN (10-5mM) shows 
that FMN has strong absorbance near 350 nm. Figures A and B are courtesy of 
Dr. Anne-Frances Miller. 
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Table 4.1:  NR’s secondary structure content vs. Temperature. 
 
4°C 10°C 15°C 25°C 32°C 37°C 42°C 52°C 62°C
α-helix 0.57 0.57 0.56 0.48 0.47 0.43 0.37 0.29 0.24 
β-strand 0.10 0.10 0.10 0.21 0.22 0.21 0.20 0.19 0.23 
Random 
Coil 0.34 0.34 0.34 0.30 0.31 0.35 0.43 0.53 0.53 
 
Note: Far-UV CD spectral data between 200 nm and 240 nm were used for the 
estimation by ‘k2d’.  
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Table 4.2: The maximum emission wavelengths λmax (Trp’s and FMN) vs. 
Temperature. 
 
 4°C 10°C 15°C 25°C 32°C 37°C 42°C 
λmax(Trp) 344nm 344.5nm 346nm 345nm 348nm 348.5nm 351nm
λmax(FMN) 521nm 521nm 521nm 521nm 521nm 521nm 521nm
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CHAPTER FIVE – NR’s Conformational Dynamics and its  
Significance in the Broad Substrate Specificity 
  
 
Background  
        
      Motions are critical for enzyme’s biological function (141-148), as has been  
particularly well documented for events such as binding of substrates or 
cofactors, product release, or allosteric regulation (149, 150). These processes 
are often mediated by ligand-induced conformational change or structural 
flexibility. In addition, the catalyzed reaction itself constitutes an inherently 
dynamic process, with changes in the atomic coordinates of the enzyme required 
for progress along the reaction coordinate (66, 151). Although classical 
enzymology together with structural biology have provided profound insights into 
the underlying mechanisms of many enzymes, enzyme conformational dynamics 
and its relation to catalytic function is not completely understood (152). 
      Dynamics of enzymes during catalysis have previously been detected with 
methods such as fluorescent resonance energy transfer, atomic force 
microscopy, etc., which report on global motions of enzymes or dynamics of 
particular molecular sites. More recently, NMR spin relaxation experiments have 
been developed, which provide quantitative and site-resolved measurements of 
motions on timescales ranging from picosecond to seconds (105, 153-157). This 
has been successfully used to link enzyme conformational dynamics to catalytic 
action often occurring on timescales of microsecond to milliseconds. For 
example, Eisenmesser et al. (142, 158) used NMR relaxation experiments to 
characterize conformational exchange in an enzyme human cyclophilin A, and 
succeeded in measuring its dynamic “hotspots” during catalysis. The rate 
constants associated with the conformational dynamics of the enzyme matched 
the microscopic rate constants for substrate turnover. Moreover, the dynamics 
was rate-limiting for overall turnover. Osborene et al. (145) described the use of 
NMR relaxation studies to characterize the backbone dynamics of dihydrofolate 
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reductase (DHFR), and demonstrated that catalysis in DHFR was affected by 
internal motions,  particularly Met20 loop dynamics (143, 145). Other enzymes 
that have recently been characterized by NMR spin relaxation experiments 
include binase (159), RNase A (160), and triose-phosphate isomerase (161). For 
these enzymes, a general correspondence has been observed between the rates 
of conformational exchange and microsecond-to-millisecond timescale processes 
involved in catalysis. Comparison of the conformational exchange rate (kex) and 
the overall rate of chemical catalysis (kcat) supported the hypothesis that the 
conformational dynamics govern the overall rate of catalysis in these enzymes. 
These NMR approaches should facilitate the search for motions linked to 
catalytic events in other enzymes, such as nitroreductase (NR) in our case. 
 
Rationale and Significance  
 
      Enzymes not only accelerate the rates of reactions, but they do so with high 
selectivity regarding substrate identity as well as high specificity with respect to 
the reaction. For enzymes that employ chemically versatile cofactors, control 
over the reaction and the substrate should be all the more important. However, a 
growing number of enzymes have been found to accommodate a diverse palette 
of substrates. For example, our enzyme NR,  exhibits selectivity for the reducing 
substrates NADH or NADPH but almost complete lack of specificity for oxidizing 
substrates (4). This could pose a problem for reaction specificity, as a more 
flexible model for the enzyme active sites seems at odds with proteins' abilities to 
precisely specify the reactivity of cofactors.  
      In chapter 4, we tested possible relationships between a low temperature 
(low-T) transition observed by NMR and general properties of the flavoenzyme 
nitroreductase (NR). Moreover, we demonstrated NR’s ‘low-T’ transition arose 
from changes in its conformational dynamics, rather than loss of structure. In this 
section, we address the possibility that NR's unusually accessible fluxional ‘low-
T’ state may be a special feature of this family of enzymes, and physiologically 
significant.  
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       In fact, we have hints that this ‘low-T’ transition may be related to enzyme 
activity: -1- The ‘low-T’ transition observed by NMR occurred with a midpoint of 
20°C (Chapter 3), close to the physiological temperature range for the soil 
bacteria which were the source of NR. -2- NR’s activity was found to increase 
with temperature, as is relatively common, but then ceased to increase at a 
temperature well below the Tm for protein unfolding (Figure 3.1). The midpoint 
transition temperature observed by NMR (20°C) was very close to the optimal 
temperature for activity, of 20-25°C, and the temperature profile of activity 
correlated with the temperature profile of flavin fluorescence (Figure 3.1 & 
Figure 4.7C). -3- NR was proposed to play a preventative role against oxidative 
stress (162) via its ability to reduce a very wide array of cellular quinones and 
other electron acceptors (7). Ready access to a dynamic state such as our ‘low-
T’ state, may enable NR to bind and reduce a wider than normal range of 
substrates. Indeed, crystallographic studies observed increased B factors upon 
binding of substrate analogs (Chapter 1), whereas in most enzymes ligand 
binding has the opposite effect (27).  
       Thus, in this chapter, we propose that NR’s striking change in dynamics near 
20°C is related to its catalytic activity. Specifically, we propose that NR’s fluxional 
state accessible below 20°C allows its active site to bind diverse substrates, 
consistent with our observation that NR undergoes a significant conformational 
change upon substrate analog binding. In an attempt to provide evidence to test 
our proposal, we asked whether NR’s ‘low-T’ transition might be related to 
specific elements of its activity: -1- Is the temperature-dependent transition 
between two states affected by substrate analog binding? The ‘yes’ answer to it, 
in return, will mean that the ‘low-T’ transition is related to some aspects of 
enzyme activity. -2- Are the time scales associated with the ‘low-T’ transition or 
the inherent dynamics of the ‘low-T’ state, catalytically relevant? This would be 
the ultimate goal of this project, and we have the solid foundation upon which to 
design NMR experiments to obtain rates of conformational dynamics of each 
single amino acid. Finally, as a device for progressing beyond our descriptive 
conclusions that NR’s ‘low-T’ state is not unfolded and not a MG, but that it does 
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appear to be coupled to substrate binding, we test a possible physical basis for 
the fluxional state, by asking whether the temperature-dependent transition 
between two states is related to changes in protein backbone hydration. 
Increased accessibility to water at ‘low-T’ would be consistent with the model we 
proposed in chapter 4, on thermodynamic grounds. 
 
Experimental 
 
Materials and Chemicals 
      NADH was purchased from Sigma and purified by HPLC. 3,5-Dinitrobenzyl 
alcohol (DNBA) from Aldrich was recrystallized from water. Benzoic acid and 
dicoumarol, were purchased from ACROS Organics.  
Determination of Steady-State Kinetic Parameters  
      The effect of temperature on NR activity was assessed in more detail by 
measuring kinetic parameters at three different temperatures, 4°C, 25°C and 
45°C. Initial velocity studies were carried out using the assay described in 
chapter 4. The assay solution contained 100 mM PIPES (pH=7.0), 50 mM KCl 
and 5% ethanol, but the concentration of the two substrates (reducing substrate 
NADH and oxidizing substrate DNBA) were each varied in the presence of the 
highest possible concentration of the other substrate. Initial velocity (Vo) data 
were collected over concentrations ranging from <0.2*Km to the maximum 
possible concentration permitted by the substrate solubility. Before each assay, 
the complete assay solution was thermo-equilibrated at the desired temperature 
by means of thermospacers linked to a circulating water bath.   
      Initial velocity data obtained at a range of substrate concentrations were then 
fit with the Michaelis-Menten equation of Vo=VmaxS/(Km+S). The kinetic 
parameters Km and Vmax were also estimated from linear regression of 1/Vo 
versus 1/[S] ([S] is the variable substrate concentration) in Lineweaver-Burk plots 
(163). The Km values and kcat (turnover number) values obtained from global fits 
at each temperature are summarized in Table 5.1. 
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HSQC of NR Complexed with Benzoic Acid and Dicoumarol  
      NMR Sample Preparation: 15N uniformly- and 15N-Glycine-labeled NR 
samples were prepared at final concentrations of 0.5-0.6 mM in 50 mM 
potassium phosphate buffer (pH=7.0) containing 50 mM KCl, 1 mM BME, 0.1 mM 
EDTA 0.02% NaN3 and 5-10% D2O. NR-benzoic acid or NR-dicoumarol 
complexes were prepared by adding the appropriate small volume of stock 
solution of benzoic acid (with a dissociation constant, Kd =100 µM), and then 
dicoumarol (Kd of only 0.062 µM). We also note that dicoumarol is a much better 
stabilizing agent than benzoic acid for NR (data not shown). Final substrate 
analog concentrations were 2-fold stoichiometric excess as relative to the 
concentration of NR.  
      HSQC-NMR experiments: For dicoumarol-binding experiments, a series of 2d 
1H-15N TROSY-HSQC spectra were recorded on a uniformly 15N-labeled NR-
dicoumarol (molar ratio of 1:2) sample, at temperatures ranging from 4°C to 37°C 
in 5°C increments on a Varian INOVA 600 MHz spectrometer. The spectra were 
acquired with 64 transients, and 3600 x 96 complex points in the 1H- and 15N-
dimension, respectively. The spectral widths were 12000 Hz in the 1H dimension 
and 2400 Hz in the 15N dimension. The acquisition time (at) was 0.15 second and 
the recycle delay (d1) between scans was 1 second. The protein samples were 
equilibrated at the corresponding temperature for at least 15 minutes, and the 
NMR probe was re-tuned, re-calibrated and re-shimmed before the start of each 
data acquisition. The experiment of 2d HSQC of 15N-Gly-labeled NR with and 
without the presence of benzoic acid was described elsewhere by koder, et al. 
(unpublished data).  
      In all HSQC experiments, coherence selection with gradients was employed. 
Chemical shifts were referenced to water at 4.77 ppm for 1H and external 15N-
Urea in DMSO at 77 ppm for 15N. 2d HSQC spectra were processed using 
Varian’s vnmr software. The spectral resolution was typically enhanced by linear 
prediction to triple the number of 15N points.  
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Hydrogen/Deuterium Exchange Studies Monitored by 2d-HSQC 
      Hydrogen/deuterium (H/D) exchange experiments were initiated by passing 1 
ml of ~0.6 mM 15N uniformly-labeled NR [in 50 mM protonated phosphate buffer 
(pH=7.0)] through a size-exclusion G-10 sephadex column pre-equilibrated with 
10 mM deuterated phosphate buffer (pD=7.0), and only the central ~0.6 ml 
fraction was pooled to prepare NMR samples. The progress of exchange of 
deuterons for the pre-existing protons of the peptide NH groups was monitored 
by collecting a series of successive 1H-15N HSQC spectra, beginning immediately 
after the samples were collected and temperature-equilibrated, following the 
transfer of the protein from H2O to D2O. The first HSQC spectrum was acquired 
40 minutes (experimental dead-time) after initiation of exchange, and 8 more 
spectra were collected subsequently at 90 min intervals for the first 12 hours, to 
obtain enough data points for the calculation of exchange rates. More spectra 
were collected at longer time intervals thereafter over a total of 7 days to identify 
the slow-exchanging residues.  
      The temperature-dependence of H/D exchange was investigated by 
repeating the experiment at three different temperatures: 4°C, 15°C and 25°C. 
For each experiment, the G-10 column was pre-equilibrated at the corresponding 
temperature and the samples collected were equilibrated for 15 minutes inside 
the NMR spectrometer at the desired temperature, before the first HSQC 
spectrum was recorded. In each case, the first 2d 1H-15N HSQC spectrum was 
collected with 8 transients of 3600 and 96 complex points for the 1H- and 15N-
dimension respectively, to obtain the spectrum quickly. The spectral width was 
12000 Hz in the 1H dimension and 2400 Hz in the 15N dimension. The HSQCs 
thereafter were recorded with the same parameters except with increased 
number of transients from 16 to 48. All spectra were processed as above. 
Water Saturation-Transfer Experiments 
      In preliminary 1d experiments, water was saturated using 1 second of pre-
irradiation at a power sufficient to reduce the signal of water to 10% of its 
unsaturated intensity. Subsequent experiments employing HSQC-detection of 
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protein signals found that the effect of saturation was more selective when the 
duration of saturation was decreased to 0.3 sec. Thus, a series of experiments 
were conducted in which on-resonance pre-saturation using those conditions: 
satdly=0.3 (saturation delay), satpwr=-6 (saturation power) and satfrq=tof 
(saturation frequency), was performed immediately prior to the conventional 
HSQC. As a control for possible off-resonance effects, each experimental 
spectrum was accompanied by an off-resonance saturated companion, in which 
pre-irradiation with the same power and duration was applied 4 ppm downfield of 
the center of the amide resonances (whereas for the water pre-saturation, 
saturation was applied at about 4 ppm upfield of the amides). Water-saturated 
HSQCs revealed greater signal loss when the comparison was made based on 
spectra collected at 10°C and 20°C. However this did not prove to be a trend as 
greater signal loss was also observed at 32°C (compared to signal loss at 20°C). 
      In order to better permit assignment of signal loss to specific signals, and to 
specific mechanisms, the experiments were repeated using a selectively 15N-Gly 
labeled sample, bearing 15N only in the 12 Gly positions. In addition, a second 
control was incorporated, wherein pre-irradiation was applied in the center of the 
aliphatic resonances. The latter control recognized our observation that 
irradiation of the water resonance significantly reduced the intensity of aliphatic 
signals (data not shown), despite the fact that these are not subject to exchange 
with solvent. Instead, given NR's large size and the use of pre-saturation (which 
generates transverse water magnetization), we thought that amide protons that 
exchanged with saturated water might then rapidly cross-relax with nearby 
aliphatics (so-called spin-diffusion) thereby transmitting second-hand saturation 
to them. The significance of cross-relaxation was evaluated by directly irradiating 
aliphatic protons and measuring the extent to which saturation was conveyed to 
amides. Thus, at each temperature (4°C, 20°C and 32°C), three 2d 1H-15N 
HSQCs were collected. In one, water was pre-saturated (satfrq at 4.7 ppm); in 
two, an off-resonance control, the same pre-saturation was applied at 10.8 ppm, 
and in three, a control for cross-relaxation, the same pre-saturation was applied 
3.3 ppm upfield from water, at 1.4 ppm. All spectra were acquired with 80 scans 
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(160 scans at 4°C), and 3600 x 96 complex points in the 1H- and 15N-dimension, 
respectively. The spectral widths were 12000 Hz in the 1H dimension and 2400 
Hz in the 15N dimension. The acquisition time (at) was 0.15 second; the recycle 
delay (d1) between scans was 6 second (a longer than normal time, to ensure 
complete recovery to a fully relaxed state, between scans); saturation delay 
(satdly) was 0.3 second and saturation power (satpwr) was -2. 
 
Results 
 
The Effect of Temperature on NR’s Kinetic Parameters  
      NR’s kinetic parameters have been obtained before, for a wide range of 
substrates and inhibitors at the single temperature of 25°C (4). Since then, we 
have learned NR represents an unusually temperature-dependent protein. 
Therefore, having kinetics data as a function of temperature is very much 
needed, to assist the interpretation of our NMR results and elucidate the 
relationship between enzymatic function and conformational dynamics.  
      The kinetic parameters Km and kcat obtained at three different temperatures 
are summarized in Table 5.1. NADH and DNBA were chosen as the reducing 
and oxidizing substrates respectively, because they typify the range of substrates 
of NR, support significant reaction rates and have better solubility and optical 
properties. Thus, they serve as the substrates in the two sequential simple 
bimolecular reactions of NR’s ping-pong mechanism: NADH is involved in the 
first half reaction and reacts with oxidized enzyme, and the DNBA is involved in 
second half and reacts with the reduced enzyme. At 25°C, the Km and kcat values 
for both DNBA and NADH were larger than those at 5°C and 45°C, which was 
consistent with the results of the temperature-dependent activity study (Chapter 
4). Clearly, there was an activity optimum near 25°C for the chemical steps 
embodied by kcat. Moreover, the Km value (related to inverse effective binding 
rate) of NADH at 5°C decreased by 4.5% compared to that at 25°C, whereas for 
DNBA, the decrease was almost 28%. Thus, DNBA in particular appears to bind 
more effectively at 5°C than at 25°C, although this is associated with a penalty to 
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the speed of reaction of bound substrate. Interestingly, the Km values for both 
NADH and DNBA are almost identical at 5°C and 45°C. The kcat value of NADH 
at 5°C decreased by 20% compared to that at 25°C, whereas for DNBA, the 
decrease was almost 43%. However, the kcat for NADH was decreased more by 
cooling than by heating, whereas the kcat for DNBA tolerated cooling better than 
heating. 
      The values in table 5.1 are not 100% accurate however, because our 
measurement was limited by low substrate solubilities and the difficulty 
encountered in performing the assay especially at lower temperatures. However, 
we still show them here because we believe the trend is rather more important 
and can lead to useful discussion. These experiments will serve as a starting 
point for more detailed work in the future. However, already, it seems obvious 
that temperature affects DNBA binding and reduction much more than it affects 
NADH binding and oxidation. 
Hydrogen/Deuterium Exchange Studies  
       The hydrogen-deuterium (H/D) exchange kinetics of backbone peptide 
amides N1H groups, monitored by 2d 1H-15N HSQC, not only identify slow and 
fast exchanging NHs, and thus provide information about relative solvent 
accessibility of various components of protein secondary and tertiary structure, 
but most importantly, they report on protein global stability and the dynamics of 
local structural fluctuations occurring in the millisecond to second time regime 
(153, 164-167).       
      Soon after the solvent exchange, during the experimental dead-time, non-
protected peptide N1H groups (most located close to the surface of the protein or 
in loop regions) become rapidly deuterated because of their fast exchange rates. 
Consequently, the 2d 1H-15N HSQC spectra (at 25°C, pH 7.0) were less crowded 
than the equivalent spectra obtained in H2O (comparison of Figure 5.1A and 
5.1B). The initial HSQC spectrum at the lowest time point (40 minutes) is shown 
in Figure 5.1B, in which only 50 out of total 210 cross-peaks were observed and 
the rest of 160 NR’s non-proline amino acids were deuterated within the dead-
time of the experiment. The H/D exchange rate of most of NR’s backbone was 
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thus extremely fast compared to most other proteins studied by this method. After 
longer exchange times, more and more backbone amide protons resonances 
were weakened and their HSQC peaks disappeared due to exchange with D2O. 
The last spectrum taken after 5 days is shown in Figure 5.1F and only a total of 
24 cross-peaks remained. These slowly-exchanging amide protons were well-
protected against the exchange, indicating that they were either completely 
buried in the interior of the protein and inaccessible to the solvent, or involved in 
hydrogen bonds (the protein has to unfold, globally or locally, to allow hydrogen 
exchange to occur).  
       In the absence of complete backbone assignments, we didn’t pursue 
quantitative determination of the exchange rate constants and ∆Gopen values for 
each individual residue. Nonetheless, we obtained an overall (rather than a 
residue-specific) picture of NR’s conformational dynamics. For example, in 
Figure 5.2 the HSQCs of NR in H2O, 1.5 hours and 7 days in D2O (at 15°C, pH 
7.0) were overlapped one another, which showed that the dispersed ‘high-T’ 
peaks exchanged more slowly with solvent, whereas access to water was indeed 
greater for the ‘low-T’ peaks, as almost no more ‘low-T’ peaks were left after 7 
days in the corresponding HSQC spectrum. 
       After integrating the volumes of the cross-peaks in each spectrum and 
correcting them for the noise level, their time-dependent decreases can be fit to a 
single first-order exponential function, I = Ioexp(-kext) + C to obtain the individual 
observed exchange rate constants (kex). kex together with the intrinsic exchange 
rate krc derived empirically (168) [values for sequence-specific intrinsic rate 
constants (krc) can be calculated using the spread sheet available from website 
at http://hx2.med.upenn.edu/download.html] will be used to derive the protection 
factor as reported by Englander et al. using the equation P = krc/kex at each 
backbone amide to evaluate the degree of protection of an amide proton against 
H/D exchange (169). The free energy of local unfolding of the amide protons can 
be calculated from the equation ∆Gopen = -RT ln(kex/krc) (170). Unfortunately, this 
work weren’t pursued now due to the incompletion of full protein backbone 
resonance assignments.  
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Water Saturation-Transfer Experiments       
      To further assess the ‘low-T’ state’s interaction with water, we evaluated the 
extent to which water was close to protein backbone amides or in rapid exchange 
with them, as a function of temperature, by NMR saturation-transfer experiments. 
Due to the large size of NR, we chose to perform NMR saturation-transfer by 2d 
instead of 1d method. Because HSQC detection filters out the huge signal from 
water, we were able to observe altered peak intensities of backbone amide 
resonances in the HSQC spectrum, and eventually differentiate those amide 
protons close to water and becoming saturated by water, and those protons 
further away from water and experiencing less saturation-transfer from water. 
      The preliminary saturation-transfer experiments performed on a uniformly 
15N-labeled sample gave us early indications that the fluxional ‘low-T’ state 
amides were interacting with water more than the amides of the unique native 
‘high-T’ structure. HSQC spectra obtained with and without water saturation 
collected at the intermediate temperature of 20°C are overlaid in Figure 5.3. The 
peaks experiencing less saturation-transfer from water retained in the water-
saturated ‘high-T’ spectrum, while the majority of ‘low-T’ peaks were lost. Thus, 
saturation of the resonance of water resulted in selective saturation of the ‘low-T’ 
resonance only. The ‘low-T’ state appears to expose amides to water more, and 
the ‘low-T’ transition is indicated to involve increases in solvent accessibility and 
protein fluctuations.      
      In principle, saturation-transfer experiments should identify only amide 
protons that come very close to water. But in reality, as mentioned before, spin-
diffusion (or cross-relaxation) between amide protons and aliphatic protons can 
not be excluded, and this is more true at lower temperature and for larger 
molecular weights because the rate of spin-diffusion increases with slowed 
molecular tumbling as the solvent viscosity and protein correlation time increase. 
First, in order to assess the contributions of long-range cross-relaxation as well 
as direct physical-exchange with water, the HSQC spectrum of selectively 15N-
Gly labeled NR collected without water saturation (off-resonance) was subtracted 
from the spectrum collected following saturation with water (on-resonance). Since 
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amides subject to rapid exchange will appear saturated in the water-saturated 
spectrum, and thus weaker, these resonances will produce negative difference 
peaks (a small signal minus a bigger one). However, resonances subject to 
cross-relaxation would appear the same. To identify resonances subject to rapid 
cross-relaxation, the control spectrum (off-resonance) was also subtracted from 
the aliphatic-saturated spectrum. Resonances attenuated by cross-relaxation 
would be weaker in the latter so they would produce negative difference signals, 
as above. In both cases, resonances either immune to exchange or cross-
relaxation would be subtracted out and be absent from the difference spectra, 
thus simplifying further comparisons. To identify the resonances in the water 
saturation difference spectrum whose presence in fact predominantly reflects 
cross-relaxation, the cross-relaxation difference spectrum was subtracted from 
the water saturation difference spectrum. Remaining (negative) resonances 
would represent cases where water saturation-transfer dominates. Resonances 
subject to less saturation-transfer and more cross-relaxation would however have 
stronger negative peaks in the spectrum being subtracted, and thus appear as 
positive peaks in the (saturated minus cross-relaxed) difference of difference 
spectrum. 
      In practice, the expected result was achieved by simply subtracting the 
experimental aliphatic-saturated spectrum from the water-saturated spectrum. 
The resulting spectra are shown in Figure 5.4. In these spectra, negative peaks 
(in shades of blue) correspond to resonances for which saturation transfer 
dominates over any cross-relaxation, and positive peaks (in shades of orange) 
correspond to resonances for which cross-relaxation dominates over any 
saturation transfer from water. Clearly, at the low temperature of 4°C, only blue 
negative peaks were present, indicating that glycine amides become more 
hydrated by water. In contrast, at the high temperature of 37°C, most peaks 
appear in orange as positive, indicating they were more involved in cross-
relaxation and in less saturation transfer. At the intermediate temperature 20°C, 
both orange and blue peaks were visible, although blue peaks were more 
intense. 
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Substrate Analog Binding Effects 
      As mentioned in chapter 1, a long helix (named helix 6) in NR was 
significantly displaced upon substrate analogs binding, based on numerous x-ray 
crystallographic studies. Dicoumarol is one of those substrate analogs. Thus, 
here we sought evidence for a relationship between these findings and our ‘low-
T’ transition by characterizing the effect of dicoumarol binding on NR’s NMR 
HSQC spectrum. The temperature-dependent HSQC spectra of NR-dicoumarol 
complex collected from 4°C to 37°C (data not shown) were very similar to those 
of unbounded NR shown in Figure 3.3. Figure 5.5 shows the overlapped HSQC 
spectra of NR with and without substrate analog dicoumarol bound. Clearly, more 
of the averaged ‘low-T’ and less of the dispersed ‘high-T’ resonances were visible 
in the HSQC spectra in the presence of dicoumarol. Similar to the analysis 
described in chapter 3, 18 peaks representing the ‘high-T’ state and 11 peaks 
representing the ‘low-T’ state were chosen and the averaged intensities of both 
populations were plotted as a function of temperature, as shown in Figure 5.6. 
With dicoumarol bound, the transition between the two NR forms appears to be 
shifted to a higher temperature of ~24°C (compared to 20°C in Figure 3.10 
without binding).  
 
Discussion 
 
The Temperature Affects NR’s Two Half-reactions differently 
       The temperature-dependence of NR’s kinetic parameters suggests that 
some aspects of catalysis are affected more than others. Specifically, we found 
that binding of a quinone-type substrate DNBA (to the reduced enzyme) was 
affected much more by temperature than the binding of NADH (to the oxidized 
enzyme), although we do not have 'real' kcat values yet. Nonetheless, the limited 
data in Table 5.1 suggest that binding of DNBA may be favored by more protein 
flexibility, as its Km decreased at both lower and higher temperatures, which we 
associate with our ‘low-T’ state and partial denaturation, respectively. In contrast, 
the NADH-dependent step was less responsive to temperature. This is consistent 
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with our proposal that the very wide substrate specificity range of NR may be 
related to protein flexibility, as the DNBA-dependent half reaction is the one that 
applies to very divergent substrates, whereas the half reaction exemplified by 
NADH normally employs a nicotinamide substrate, as far as we know. Such a 
device may in fact be relatively common among ping-pong enzymes, whose 
mechanism requires that two different substrates be bound for alternate half-
reactions.   
Water Interacts More with the ‘Low-T’ Form  
      Although our ‘low-T’ state appeared to retain full backbone secondary 
structure based on far-UV CD, we proposed that its loss of chemical shift 
dispersion in HSQC spectra reflected rapid conformational averaging between 
different packing arrangements that were associated with different chemical 
shifts. This would correspond to an increase in dynamics and possibly 
conformational entropy. We propose that the counter-intuitive apparent increase 
in dynamics at lower temperature may be explained by invoking water.  
      In last chapter, we proposed a model in which NR’s ‘high-T’ unique structure 
is favored entropically not enthalpically over the ‘low-T’ state; the ‘low-T’ 
structures interconvert rapidly and incorporate greater accessibility to water. Our 
model and hypotheses are supported by a number of experimental results 
presented in this chapter such as: -1- Water saturation-transfer experiment which 
showed that saturation of the resonance of water resulted in selective saturation 
of the ‘low-T’ resonances only. -2- H/D exchange experiment conducted at 
intermediate temperature (permitting simultaneous observation of both categories 
of peaks) which found that dispersed ‘high-T’ resonances exchanged significantly 
more slowly with water than resonances characteristic of the ‘low-T’ state. On the 
basis of these results, it can be concluded that the temperature-dependent 
transition between the two states is related to protein hydration, and the access 
to water is greater for the fluxional ‘low-T’ state.   
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Substrate Analog Binding is linked to the ‘Low-T’ Transition  
      As mentioned before, NR reduces a large range of nitroaromatic compounds, 
quinines and even flavins. Binding of substrate analogs causes displacement of a 
couple of aromatic side chains and movement of the helix from which they arise. 
Most interestingly, the B factors of backbone atoms in this helix are higher when 
substrate analogs are bound, than in the native enzyme (Chapter 1). Thus, we 
propose that motions or inter-converting conformations in the less-rigid ‘low-T’ 
state but not the unique structure might contribute to NR’s ability to 
accommodate a wide variety of substrate. If indeed NR’s flexibility and dynamics 
is required for substrate binding, the ‘low-T’ state should be favored by substrate 
analog binding.  
      A couple of lines of evidence support this hypothesis: -1- Previous work in our 
lab by Ron Koder (unpublished data), as shown in Figure 5.7, revealed that a 
highly-conserved glycine residue near the active site (Gly166 in the helix 6) 
existed in two conformations in the uncomplexed oxidized NR. The two 
conformations were in slow exchange with one another on the NMR time scale at 
25°C. The relative populations of the two conformations were temperature-
dependent and binding of the competitive inhibitor and substrate analog 
benzoate stabilized the ‘low-T’ state even at 37°C. Reduced NR, as detected by 
NMR, was in a single conformation over the same temperature range. -2- We 
found that binding of the substrate analog dicoumarol shifted the transition to a 
higher temperature. Thus, dicoumarol also favors the ‘low-T’ state. The observed 
stabilization of the ‘low-T’ state upon ligand binding is consistent with 
enthalpically-favored binding, which is common in many other systems (171-
173). What is uncommon is that the state in question is the one with a more 
fluxional nature.  
More Work Needs to Be Done  
      Although we did answer several basic questions in this chapter, a lot of work 
still needs to be done to fully understand the link between our dynamic ‘low-T’ 
state and enzyme activity, as well as to expand on these exciting new results. To 
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that end, first, we will perform more quantitative tests to determine whether the 
transition between NR states is shifted to higher temperature in the presence of 
saturating substrate analogs. Currently, we have only assessed this possibility 
using uniformly-labeled NR. This material provides a valuable comprehensive 
view of events, but it is very difficult to properly estimate the exact midpoint of the 
transition temperature due to the large number of peaks and peak overlap. In the 
next step, we will take advantage of selectively 15N-labeled samples and collect 
HSQC spectra over a range of temperatures in the presence of dicoumarol. With 
fewer signals in the HSQC we will be better able to judge when the transition 
reaches its apparent midpoint. Since the intensities of individual lines reflect the 
NMR relaxation rates of the 1H and 15N in addition to the population of the state 
to which the resonance pertains, the temperature corresponding to equal 
intensities of ‘low-T’ and unique-structure signals (our so-called 'midpoint 
temperature') is not really the condition under which the two populations are 
equal. Our current data suggest that the line widths of the ‘low-T’ states formed 
with and without substrate analogs are similar, and that the same is true for the 
unique structures. Therefore, the relationship between the NMR-detected 
midpoint temperature and the thermodynamic midpoint temperature appears 
similar in the presence and absence of substrate analogs, and we will simply 
determine the former. Again, a higher midpoint temperature will be evidence that 
the unique structure is disfavored relative to the ‘low-T’ state, in the presence of 
ligand. This in turn will be evidence that ligand binding involves the ‘low-T’ 
dynamic state, preferentially. In the course of these studies, we will survey a 
couple of different substrate analogs: a non-redox active analog of NADH 
(nicotinic acid) and nitrated aromatics (not active because they react only with the 
reduced state, not the oxidized state to be used here). Crystal structures are 
already available for these complexes. We will check for movement of 
resonances in each of the unique-structure HSQC and the ‘low-T’ HSQC, upon 
substrate analog binding.  
      Second, no matter how hard we work on the above goal, we will always end 
up with second-hand, indirect information on the link between the ‘low-T’ 
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transition and NR's activity. In order to make it a direct link, we will determine 
whether the timescales associated with the ‘low-T’ transition, or the inherent 
dynamics of the ‘low-T’ state, are catalytically relevant. Therefore, we will first try 
to measure the rate at which the unique structure and the ‘low-T’ state 
interconvert (kex), via magnetization transfer, as in (174). Our group has 
characterized NR activity and inhibition with a diverse set of compounds, and 
identified substrates with Km values ranging from 3 mM to 0.3 mM, as well as 
inhibitors with dissociation constants spanning 60 nM to 50 mM. Thus we have a 
very good chance of identifying compounds with on- and off- rates compatible 
with the dynamics detectable by NMR, as well as ligands which bind sufficiently 
tightly to be essentially permanent. With the best substrate combination we have 
obtained a kcat of 660 s-1 at 25°C (4). Therefore, the two states should 
interconvert on the timescale of millisecond, in the presence of these 
compounds. However, if measuring inter-conversion rate turns out to be difficult 
in the case of NR, as it most likely will be according to our early efforts, we will 
still be able to characterize the inherent dynamics of the ‘low-T’ state. If the ‘low-
T’ state is to contribute to enzyme catalytic turnover, protein dynamics in µs-ms 
range is more likely to play a direct role than dynamics in ns-ps range. Therefore, 
we will focus initially on the µs-ms timescale and measure NMR chemical 
exchange based on relaxation (Rex), to probe the dynamics in this timescale 
range. Relaxation due to chemical exchange will be assessed by the difference 
between the 15N T2 measured via a Carr-Purcell-Meiboom-Gill (CPMG) spin-lock 
with a high effective field strength (which will average out the effects of motions 
on the µs-ms time scales) and the T2 value obtained via a Hahn-echo approach 
(in which the effects of µs-ms dynamics accrue) (175-177). Only dynamics that 
affect the chemical shift are reported, but resonances whose Hahn-echo and 
CPMG T2s are significantly different will be addressed in greater detail via 
measurement of the CPMG-T2 with several different CPMG spin-lock field 
strengths. The dispersion of the T2s yields the rate constants of processes that 
contribute to T2 relaxation, Rex, in the frequency range addressed (1/T2 < kexch < 
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10/τCPMG ≈ 10000 s-1) (178-180). This timescale is consistent with the kinetics of 
our enzyme (4).  
      We actually have started working towards this goal and have obtained some 
valuable preliminary data: -1- The 15N T2 values measured as per Farrow et al. 
(181) vary from 25 ms to over 65 ms, for 6 representative unique ‘high-T’ 
resonances at 20°C, suggesting that Rex contributes at some sites, at least. -2- 
Rex values measured as per Wang et al. (176) also varied from -6 up to 21 s-1. 
Out of 28 peaks selected for analysis in HSQCs at 25°C, 7 peaks had a negative 
value from -6 to -1 s-1; 9 peaks had high positive values from 8 up to 19 s-1; the 
remaining 12 peaks had positive values from >1 to <8 s-1. These data indicate 
that throughout the protein, different sites experience different chemical 
exchange contributions, and those amino acid residues having large Rex values, 
belong to the most dynamic regions. We will map experimental Rex values onto 
the structure of NR to identify regions with the most important dynamics, and thus 
test our proposal that the substrate binding site is strongly affected. In order to be 
more useful, this study should await more complete backbone assignment. 
      Third, the way in which enzyme dynamics contributes to activity can be 
expected to vary from enzyme to enzyme. Therefore, we will determine whether 
a thermophilic homologue of NR also undergoes a transition analogous to our 
‘low-T’ transition. If access to a fluxional state is important for activity, then NR 
homologs with similar activities should also display similar states, and variants in 
which the temperature optimum for activity is shifted up, should either display a 
‘low-T’ transition at a higher temperature or should access a ‘high-T’ fluxional 
state instead of the current ‘low-T’ state.  
      We will test this criterion for significance on the NR homologue NADH 
oxidase from Thermus thermophilus, or NADOX (182). NADOX is 23% identical 
with NR on the basis of amino acid sequence, and the two structures overlay to 
1.5 Å for the backbone Cαs. Both enzymes catalyze the same reaction, but for 
NADOX the optimal temperature for activity is 70°C, (vs. 20-30°C for NR). 
Although NADOX activity is low at 20°C, it is enhanced 2.5-fold by addition of 
1.25 M urea (183). This has been attributed to increased flexibility. In the 
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meantime, the far-UV CD signature of secondary structure was unaffected, but 
the near-UV CD intensity decreased in proportion with urea addition from 0 M to 
denaturing concentrations (6.7 M). Thus, as in NR, any increased dynamics 
associated with 1.25 M urea was not associated with loss of secondary structure.  
       Thermophilic enzymes have been found to be more stable and are often 
described as being less flexible at a given temperature (64, 139, 184, 185). Thus, 
if the ‘low-T’ transition we observe in NR stems from general protein biophysics, 
the greater stability of NADOX should be associated with suppression of the ‘low-
T’ state (101). We would in this case expect a lower ‘midpoint temperature’ for 
any ‘low-T’ transition, possibly below the freezing point of water. Alternatively, if 
NR's ‘low-T’ transition is related to the global fold, dimeric nature, flavin binding 
or other properties shared with NADOX, then an analogous transition should be 
retained, and moreover should be still accessible under physiological conditions. 
Since the physiological temperature of T. thermophilus is some 45°C higher than 
that of E. cloacae, we would expect that an essential transition would now occur 
at elevated temperature in NADOX and be readily detectable by NMR. Thus, the 
alternatives can easily be distinguished experimentally, via HSQCs collected at a 
range of temperatures, which will reveal a collapse in 1H dispersion upon cooling 
through the transition, if it occurs. However an interesting alternative also exists: 
the thermophilic enzyme obtains the flexibility it needs via access to high 
temperature unfolding intermediates, since these may be more accessible at 
physiological temperature. This alternative will be evident as loss of dispersion in 
the HSQC upon raising the temperature, but not upon lowering it. 
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Figure 5.1: Hydrogen/Deuterium exchange of uniformly 15N-labeled NR 
monitored by 2d 1H-15N HSQC at 25°C at different time courses: (A) without 
exchange in H2O. (B) 40 minutes after exchange from H2O to D2O. (C) 2 hours in 
D2O. (D) 13 hours in D2O. (E) 42 hours in D2O. (F) 5 days in D2O. A total of 20 
HSQCs were recorded during this process but only six of them representative of 
various time points (from 40 min to 12 days) were shown here. Protein 
concentration of about 0.6 mM in hydrogenate phosphate buffer (pH 7) was 
loaded into a G-10 column prior to exchange; and concentration of protein 
samples collected to record HSQCs in D2O was about 0.3 mM.  
A: H2O B: 40 min 
E: 42 hours  F: 5 days  
D: 13 hours C: 2 hours 
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Figure 5.2: The overlay of the 2d 1H-15N HSQCs collected on a uniformly 15N-
labeled NR during the hydrogen/deuterium exchange process, at pH 7 and 15°C. 
The HSQCs of NR in water, in D2O after 1.5 hours and in D2O after 7 days are 
shown in black, green and blue, respectively; the orange circle indicates the 
peaks characteristic of the ‘low-T’ state. The protein sample conditions were the 
same as described in figure 5.1. 
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Figure 5.3: The overlay of the 2d 1H-15N HSQCs collected with and without water 
saturation-transfer on uniformly 15N-labeled NR at 25°C. The spectrum colored in 
black was the reference HSQC; the spectrum colored in blue was the HSQC 
collected after applying on-resonance water pre-saturation. The orange circle 
indicates the peaks characteristic of the ‘low-T’ state. 
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Figure 5.4: Water saturation-transfer experiment performed on 15N-Gly-labeled 
NR and monitored by 2d 1H-15N HSQC. (Top): Reference HSQC spectra of 15N-
Glysine at 4°C, 20°C and 32°C. (Bottom): The difference HSQC spectra [HSQC 
(sat on water) – HSQC (sat aliphatic)] at 4°C, 20°C and 32°C: negative peaks (in 
blue) are those that are decreased more by exchange with water, positive peaks 
(in orange) are those that are decreased more by spin-diffusion (please see 
explanation in the text). Data is courtesy of Dr. Anne-Frances Miller. 
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Figure 5.5: The overlay of the HSQCs of NR with and without dicoumarol bound 
to a uniformly 15N-labeled NR sample. The spectrum colored in black was the 
reference HSQC collected at 37°C; the spectrum colored in blue was the HSQC 
collected 37°C in the presence of substrate analog: dicoumarol.  
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Figure 5.6: HSQC peak intensity as a function of temperature in the presence of 
substrate analog: dicoumarol. The red curve was for the averaged intensity of 18 
‘high-T’ peaks while the blue curve was for the averaged intensity of 11 ‘low-T’ 
peaks. The curves corresponding to the temperature-dependent peak intensity 
for each individual peak and leading to this figure were not shown.  
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Figure 5.7: 2d 1H-15N HSQC spectra of 15N-Gly-labeled NR at 25°C, 37°C and 
37°C plus substrate analog benzoic acid. The two conformations of the active 
site Gly-166 were circled in red and blue. Figure is courtesy of Dr. Ronald Koder 
and Dr. Anne-France Miller. 
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Table 5.1:  The effect of temperature on NR’s kinetics parameters. 
 
Km, NADH 
(µM) 
Km, DNBA 
(µM) 
kcat, NADH 
(s-1) 
kcat, DNBA 
(s-1) 
5°C 687 1236 292 263 
25°C 720 1707 368 460 
45°C 692 1223 311 198 
 
Note: Initial velocity data and fitting curves leading to this table were not shown. 
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CHAPTER SIX – Conclusions and Future Perspectives 
 
      Enzyme dynamics are widely held to be essential for catalytic activity. 
However, the nature and magnitude of the contribution remains poorly 
understood. The work presented in this dissertation provides a thorough 
biophysical investigation into the origin of an unusual temperature-dependent 
change in the 2d- NMR signature of nitroreductase (NR). In addition, we have 
obtained early indications of a link between NR’s fluxional state and its catalytic 
activity. Our studies also provide the ground work for the future use of protein 
isotopic labeling, protein structural studies by NMR, protein conformational or 
dynamical characterizations by various biophysical methods, as well as extended 
studies on other proteins in the same family.  
       In chapter 2, first, we implemented and developed strategies for different 
patterns of isotopic labeling of our protein NR, including uniformly 15N-labeling, 
amino acid specific 15N-labeling and [2H, 15N, 13C]-labeling via choice of minimal 
or fully defined medium, or by use of labeled precursors. The isotope 
incorporation extents and specificity were shown to be constantly high. Second, 
we designed and optimized the protein purification protocol, thus greatly 
increasing protein yield and purity, and simplifying the process and handling. In 
addition, our laboratory has also now established solid technical competence in 
site-directed mutagenesis, vector design, DNA cloning, etc. Thus, we can 
produce our target proteins in wild-type and mutant forms, routinely in high 
quality and quantity, for any biophysical or biochemical characterizations. This, 
coupled with our ability to isotopically label proteins (not only NR but other 
flavoenzymes in the lab) at almost any sites as we want, will allow us perform 
many different NMR investigations, currently and in the future.  
       Also in chapter 2, we made the first attempt to assign the backbone 
resonance of NR, despite its fairly large size of 56 kDa. Using a suite of triple 
resonance TROSY 3d- solution NMR experiments at 800 MHz and uniformly [2H, 
15N, 13C]-labeled NR, thus far we have successfully assigned 102 out of ~200 
total amino acid residues, including several functionally important ones. Other 
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amino acids of our interest were or will be identified by a combination of amino 
acid specific 15N-labeled experiments and site-directed mutagenesis, while at the 
same time repeating our weak 3d experiments and seeking other complementary 
NMR experiments to finish the full assignment. Because we already have the 
crystal structure of NR (via the efforts and expertise of our collaborator, Dr. David 
Rodgers and his group), and have many assignments in hand or within reach, we 
will continue to exploit NMR’s ability to monitor dynamics of individual amino acid 
residues throughout the protein. The assignments we already have can also 
serve as a platform for future studies of the effects of ligand binding, mutagenesis 
and protein-protein interactions, in which the changes felt by individual amino 
acid residue can be easily probed using our 2d- NMR HSQC template.  
      The most important observation of this work was described in chapter 3 in 
significant detail. Our studies showed that essentially the entire NR protein was 
affected by the 'low-temperature' transition that occurs near 20°C. Almost every 
peak in the well-dispersed 37°C backbone HSQC spectrum (on a uniformly 15N-
labeled NR sample) was replaced at 4°C with a sharper resonance in a much 
less well dispersed HSQC reminiscent of molten globules or partially unfolded 
proteins. The so-called 'low-temperature' transition was fully reversible, both 
qualitatively based on spectral appearance, and quantitatively based on peak 
intensities, in spectra collected in an order including alternate steps up and down, 
from 4°C to 37°C. The same findings were also observed for a couple of amino 
acid specifically labeled samples. Based on peak intensity and NMR spin 
relaxation analysis, we further categorized into two groups of resonances: ‘low-T’ 
and ‘high-T’ peaks. These two showed contrasting temperature-dependent 
properties and substantial differences in correlation times. 
       This ‘low-T’ transition we have documented in NR is very unusual and 
intriguing, and to our knowledge has not been reported in other proteins under 
completely native conditions (no addition of denaturants or use of extreme pH). 
However, under similar native conditions, in work with the Rodgers group 
(University of Kentucky), we observed a similar temperature-dependent 2d- 
HSQC signature for the case of 82kDa protein: choline acetyl-transferase 
 126
(ChAT). However, completely opposite behavior was observed for a 15-residue 
polyproline II peptide designed by the Creamer group (University of Kentucky). 
Thus, we suspect that low-temperature behavior like NR’s may be under-
represented in the literature, outside that devoted specifically to studying folding 
mechanisms. This may also reflect the biased application of NMR spectroscopy 
to smaller proteins and single modules, if indeed larger proteins are more prone 
to this kind of behavior than small proteins. Finally, the undesirable features of 
our ‘low-T’ HSQC will naturally lead most people to seek conditions or mutations 
that suppress it. Thus, many people may have observed such states and elected 
not to pursue them, for practical reasons. Therefore, there is a reason to believe 
that behavior like NR’s is more general than literature presents. If we can make 
some sense of it, it may prove more valuable and more pervasive than it currently 
appears, especially among very large multimeric proteins.  
       The nature and underlying basis for the low-temperature transition was 
elucidated in chapter 4. Immediately, we demonstrated that the low-temperature 
transition did not correspond to cold-denaturation of the protein based on our CD 
and DSC data, as the far-UV CD indicated that the protein retained as much 
secondary structure at 4°C as at 37°C, and the visible CD spectrum of the active 
site flavin was constant from 42°C to 4°C, only disappearing at higher 
temperature when the protein denatured and the flavin was released into 
solution. DSC revealed no cooperative event in the range of 4°C-40°C. 
Furthermore, we also ruled out an important contribution from a so-called molten 
globule state at low temperatures, by the combination of near-UV CD and 
Fluorine-19 NMR studies.  
       Our results clearly show that NR does not unfold globally or locally at the 
active site, nor does it release FMN, at low temperature. We, therefore, sought 
alternative explanations for our unusual ‘low-T’ transition observed by NMR, and 
eventually ended up with a model in which this kind of NMR behavior was 
proposed to have ‘water’ involved as a participant. In the context of our model, 
we do not interpret the poorly-dispersed NMR spectrum collected at 4°C as loss 
of structure but rather as loss of persistence (or acceleration of conformational 
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averaging in the ‘low-T’ state). By contrast, the dispersed high-T NMR spectrum 
observed at 37°C indicates a unique native structure. The two states interconvert 
slowly on the NMR chemical shift timescale, as they coexisted in spectra 
collected near 20°C. Furthermore, we proposed that the entropically-favored 
‘high-T’ state reflected release of water at higher temperature and thus a large 
increase in water entropy. On the other hand, the enthalpically-favored ‘low-T’ 
state incorporated greater water solvation/hydration at lower temperature, and 
more ordering of water. These hypotheses were supported by proton/deuterium 
exchange and saturation-transfer experiments monitored by NMR, which found 
that ‘high-T’ resonances exchanged with water significantly more slowly than 
‘low-T’ resonances. The studies outlined in chapter 4 thus demonstrated that 
NR’s ‘low-T’ transition involved changes in solvent accessibility, and were 
consequently related to changes in protein dynamics but not to changes in 
protein overall structure.        
      Going one step further, we thought a not-strongly-stabilized fluxional state 
accessible below 20°C might allow the active site to bind diverse substrates. 
Therefore, in chapter 5, we proposed a potentially important link between NR’s 
promiscuous catalytic activity and the ready accessibility of a fluxional state at 
close to physiological temperature of 20°C. This hypothesis was supported by 
substrate binding analog binding experiments in which we found that binding of 
substrate analogs shifted the equilibrium between the fluxional ‘low-T’ state and 
unique ‘high-T’ structure, in favor of the ‘low-T state’, for two very different ligands 
(benzoic acid and dicoumarol). It is relatively common for ligand binding to 
stabilize the lower-temperature form of an enzyme; however, NR is unusual in 
that the form stabilized has the more fluxional structure.  
      We should emphasize again that the data presented in chapter 5 are 
insufficient at this point to demonstrate the direct physical link between enzyme 
dynamics and catalytic activity, and work still needs to be done to establish that. 
Future work could test such a link through determination of exact motional 
timescales or rates at the level of individual amino acid sites, possibly the use of 
mutations to alter the dynamics. In addition, more substrates need to be 
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screened in each of NR’s half reactions in order to assess how their bindings 
affect the midpoint transition temperatures and dynamic properties differently. 
Closely-related NR homologs will also be studied in order to compare the 
temperature-dependence of their HSQCs and other biophysical properties to 
those of NR. The work outlined in this dissertation research should facilitate the 
design of NMR and other biophysical experiments to accomplish those goals.  
       This dissertation research also supplies a foundation for future work on 
fundamental understanding of the role of enzyme conformational flexibility in 
catalytic activity, and paves the way for potential therapeutic applications. At a 
fundamental level, it would be of great interest to obtain some thermodynamic 
data from Van’t Hoff plots based on NMR data and studies using CD, DSC, and 
fluorescence (including resonance transfer from Trp to flavin). These would yield 
new insights into the complexities of the ‘low-T’ transition and its relevance to 
substrate binding. Furthermore, earlier structural studies have indicated the 
importance of the motion of a large active site helix 6 (helix 6: residues 109-129) 
which was associated with binding of various substrate analogs, as well as 
changes in oxidation state. Thus, it is most likely that our proposed dynamics 
includes local dynamics of amino acid residues in this helix. The motional 
timescales of those residues may be directly linked to substrate turnover, and 
their motion only could play a crucial role in enabling the active site to 
accommodate a very wide range of substrates. Thus, our future work should 
focus on the key residues in helix 6 and their dynamic properties, again with the 
objective of testing for a relationship between the structural and dynamic 
changes observed in NR and the kinetic parameters of catalysis (Km, kcat, etc.). 
Although I don’t think a single miracle experiment is going to achieve this goal, 
our demonstrated ability to design NMR experiments and perform various 
biophysical experiments offers excellent promises. 
 
 
 
 
 
Copyright © Peng Zhang 2007 
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Appendix - Creation of Four NR Mutants and His-tagged NR 
 
 
      To further investigate the properties of NR, in collaboration with Nick Noinaj 
four individual mutants were constructed using a Quick-change II XL Site 
Directed Mutagenesis Kit (SDM) (Stratagene). The first mutant was N71Q, in 
which the asparagine residue at position 71 was replaced with a glutamine. The 
forward primer (Integrated DNA Technologies) was 
CCTATGTGTTCCAAGAACGCAAAATGCTG, while the reverse primer was 
CAGCATTTTGCGTTCTTGGAACACATAGG. The N71Q mutant will allow us to 
better understand the flavin binding and behavior at this position by altering the 
strain upon the flavin. The second mutant was D134H, in which the aspartic acid 
residue at position 134 was replaced with a histidine. The forward primer was 
CGTGGATCTGAAACATGACGACCAGTGGATG, while the reverse primer was 
CATCCACTGGTCGTCATGTTTCAGATCCACG. The D134H mutant is an 
attempt to improve solution behavior and ease of crystallization.  The third and 
fourth mutants were F70W and F108W, in which the phenylalanine residues were 
replaced with tryptophan residues. The forward primer for F70W was 
GCGGGCACCTATGTGTGGAACGAACGC, while the reverse primer was 
GCGTTCGTTCCACACATAGGTGCCCGC. The forward primer for F108W was 
GCCGATGGCCGTTGGAACACGCCGCAAG, while the reverse primer was 
CTTCCGGCGTGTTCCAACGGCCATCGGC. The F70W and F108W mutants 
were designed to increase the solubility of the enzyme, which is important for 
protein purification and NMR sample preparation.   
      The pRK5 construct, which contains the NR gene subcloned into the pET23d 
vector (Novagen), was used as a template for the mutagenesis PCR reactions. 
For each mutant, respective primers were used as described above. PCR 
reactions were performed according to the Quickchange II XL SDM Kit protocol. 
Dpn1 digestions were allowed to incubate at 37°C for 1 hour and 30 minutes to 
cleave template (wild-type) DNA. The Dpn1 digested SDM product was then 
transformed into XL1 Blue cells, which were provided within the Quikchange II XL 
SDM kit, and then spread onto LB-AMP agarose plates and allowed to incubate 
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inverted at 37°C for 16 hours.  A single colony from each plate was then used to 
innoculate a 150 ml LB-AMP overnight culture. A HiSpeed Plasmid Midi Kit 
(Qiagen) was used to purify the plasmids. The plasmids were then double-
digested with NcoI and XhoI endonucleases (New England Biolabs) and run on a 
1% agarose gel to confirm the presence of the NR gene. Bands were observed at 
3.5 kb (pET23d vector) and 0.8 kb (NR). The four mutant constructs were 
confirmed through DNA sequencing analysis performed at Davis Sequencing, 
CA. All DNA were then transformed into BL21/DE3 expression cell line, but 
overexpression of these mutants remains to be checked. 
       NR is currently purified through a series of chromatography columns using 
conventional chemical methods. To make purification quicker and simpler, NR 
was subcloned into pET32a vector (Novagen), which contains an N-terminal His-
tag and an enterokinase (EK) site preceding the multiple cloning site region. 
pRK5 and pET32a were double-digested using NcoI and XhoI endonucleases. 
The digested products were run on a 1% agarose gel. The 0.8 kb band from 
pRK5 (NR) and the 5.9 kb band from pET32a were extracted and purified using a 
QIAquick Gel Extraction Kit (Qiagen). A ligation reaction was setup using a 4X 
molar excess of NR over pET32a, 1X reaction buffer and T4 DNA ligase with 20 
ul total volume. The ligation reaction was allowed to incubate at 16°C for 16 
hours and then transformed into DH5α cells (Invitrogen) and spread onto LB-
AMP plates. Five colonies were used for minipreps and plasmids were extracted 
using a Plasmid Mini Kit (Qiagen). At least 1 ml of each overnight culture was 
stored at 4°C. To confirm the NR insert, extracted plasmids were double digested 
using NcoI and XhoI endonucleases. The products were separated on a 1% 
agarose gel. The miniprep yielding the strongest NR band was then used to 
make a 20% glycerol stock and stored at -80°C. Sequence analysis have 
confirmed the new plasmid vector bearing his-tagged gene, and the cells were 
transformed into BL21/DE3 cell. 
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